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FOREWORD

The Twelfth International Atomic Energy Agency Conference on Plasma
Physics and Controlled Nuclear Fusion Research was characterized by a multitude
of excellent scientific results on virtually all aspects of controlled fusion and fusion
technology. Taken together, these results lay a solid foundation for continued
progress and future steps.

The conference was organized by the IAEA in co-operation with the French
Commissariat a 1'energie atomique and the Centre d'etudes nucleaires de Cadarache,
to whom the IAEA wishes to express its gratitude. The conference was attended by
over five hundred participants and some eighty observers from 35 countries and two
international organizations.

At the technical sessions, which included seven poster sessions, more than two
hundred papers were presented. Contributions were made on magnetic and inertial
confinement systems, fusion technology, magnetic confinement theory and model-
ling, alternative confinement approaches and next step concepts (ITER, NET, CIT,
etc.). The traditional Artsimovich Memorial Lecture was given at the beginning of
the conference.

These proceedings, which include all the technical papers and five conference
summaries, are published in English as a supplement to the IAEA journal Nuclear
Fusion.

The IAEA is contributing to international collaboration and exchange of infor-
mation in the field of nuclear fusion by organizing these biennial conferences and by
holding workshops, technical committee meetings, consultants meetings, etc., on
appropriate topics. Through these activities the IAEA hopes to contribute signifi-
cantly to the attainment of controlled fusion power as one of the world's future energy
resources.



EDITORIAL NOTE

The Proceedings have been edited by the editorial staff of the IAEA to the extent considered neces-
sary for the reader's assistance. The views expressed remain, however, the responsibility of the named
authors or participants. In addition, the views are not necessarily those of the governments of the
nominating Member States or of the nominating organizations.

Although great care has been taken to maintain the accuracy of information contained in this pub-
lication, neither the IAEA nor its Member States assume any responsibility for consequences which may
arise from its use.

The use of particular designations of countries or territories does not imply any judgement by the
publisher, the IAEA, as to the legal status of such countries or territories, of their authorities and institu-
tions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated as registered)
does not imply any intention to infringe proprietary rights, nor should it be construed as an endorsement
or recommendation on the part of the IAEA.

The authors are responsible for having obtained the necessary permission for the IAEA to
reproduce, translate or use material from sources already protected by copyrights.

Material prepared by authors who are in contractual relation with governments is copyrighted
by the IAEA, as publisher, only to the extent permitted by the appropriate national regulations.
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DYNAMICS OF AUXILIARY HEATING
AND PROFILE EFFECTS IN A TOKAMAK

V.V. PARAIL, P.N. YUSHMANOV
I.V. Kurchatov Institute of Atomic Energy,
Moscow,
Union of Soviet Socialist Republics

Abstract

DYNAMICS OF AUXILIARY HEATING AND PROFILE EFFECTS IN A TOKAMAK.
The paper deals with a theoretical analysis of anomalous transport processes in tokamaks emerg-

ing in the development of drift type instabilities. An attempt to represent certain experimentally observed
peculiarities in transport processes (including the idea of universal profiles) is made on the basis of this
analysis, using a transport matrix with coefficients depending on local plasma parameters only. The
main emphasis is placed on the analysis of on-axis ECRH as well as on the dynamics of off-axis ECRH
on the T-10 tokamak. The first group of discharges is the most representative from the viewpoint of
determining real (without convective components) heat conduction coefficients. The analysis of off-axis
ECRH dynamics (and of the Ohmic stage) allows an expression for convective transport to be found
and compared with theoretical predictions. Comparison is made between the theoretical model devel-
oped and the published experimental results from large tokamaks.

1. INTRODUCTION

The idea of universal or canonical profiles in tokamaks has recently been given
widespread consideration. This idea is based on the known difficulties in explaining
experimentally observed effects by the dependence of heat conduction on temperature
or on other local plasma parameters. The idea of universal profiles, in its essence,
can be reduced to certain statements which are confirmed with varying degrees of
accuracy at different facilities: Te(0)/(T^ — qa; there is profile similarity at the aux-
iliary heating and the Ohmic stages; the pressure or temperature profiles depend only
weakly on the energy deposition profile under auxiliary heating.

All these statements are related to the stationary stage of discharges only. In the
dynamic stage the profiles can differ greatly from the universal ones; the transition
to universal profiles occurs for times comparable with or somewhat shorter than the
transport times. This fact suggests that the universal profiles are not a result of some
auxiliary processes (large scale MHD reconnection type) but a natural consequence
of the transport processes themselves. The idea that the difference between the actual
and the universal profiles can be used as a measure of radial transport efficiency was
formulated in the theoretical papers on which the canonical profiles are based [1].
These papers are widely used at present in tokamak discharge simulation [2].
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In this paper an attempt is made to approach the analysis of transport processes
in tokamaks, including the idea of universal profiles, using a transport matrix with
coefficients depending on local plasma parameters only. In this case non-diagonal
terms representing the heat convection which necessarily emerges in the translation
of the concept of canonical profiles into the language of transport equations [1,2]
are conserved in the transport matrix. It should be noted that heat convection of the
type q ~ Vne and q ~ Ez is naturally present in theoretical calculations of heat
fluxes, particularly in neoclassical theory.

Consideration of the whole matrix of transport processes, non-diagonal terms
included, substantially expands the set of possible solutions to the transport equations
and allows one to represent the effects interpreted as profile consistency. In this case,
however, the relationship between the experimentally observed fluxes and transport
coefficients becomes much more complicated. The experiments on on-axis ECRH are
the most representative from the viewpoint of determining real (without convective
components) transport coefficients. The experimental scaling law for these regimes
is approximated theoretically and then an expression is selected for the convective
transport which allows one to represent Ohmic regimes and the regimes with off-axis
ECRH on T-10.

2. HEAT CONDUCTION COEFFICIENT

Let us assume that the anomalous heat and particle transport is of a local nature.
Moreover, let us restrict ourselves to consideration of the processes related to the
development of drift type instabilities. From first principles it follows that the
presence of oscillations with rather high amplitude in the plasma provides a stochastic
diffusion of particles of two types. The first of them is related to the stochasticity of
the oscillations themselves, which can be determined either by non-linear processes
or by the convective nature of the instability. In the regime of strong non-linearity
the characteristic value of such diffusion is D ~ 7/k2. In the simplest case, i.e. for
7 ~ w*e and k±ps ~ 1, where

_ cT Vile
C0*e — Kj_

eB0 ne
and

^_ V7VM-

one obtains

^ ^ CD
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Such a relationship was first proposed by Perkins [3]. Since that time relationship (1)
has been changed many times by many authors considering different branches of a
drift instability in succession (probably the most complete review of the results is
given in Ref. [4]). Later, we shall use relationship (1) assuming that it represents the
transverse transport of both electron and ion components and the plasma diffusion as
a whole. However, the following should be emphasized. It is known that the broaden-
ings in the oscillation spectra, i.e. their stochasticization, are unambiguously related
to the presence of a plasma flux, Tn, across the magnetic field (from the quasi-linear
theory it follows that r n ~ 7). Hence, it follows that an increase in the plasma flux,
for example due to a rise in the recycling, should result in an additional rise in the
transport coefficients.

However, in a quiescent plasma without particle fluxes, i.e. without oscillations
with a wide spectrum, stochastic transport of particles due to their interaction with
monochromatic waves of finite amplitude is also possible. In this case the stochastic
diffusion in a collisionless plasma is caused by the resonance between the time of
bounce motion for the banana electrons and the time of their rotation within the elec-
tromagnetic field of a monochromatic drift wave [5]. The electron transport coeffi-
cient in this case has a form similar to that proposed by Ohkawa [6]:

c2 v

Let us consider now how electron-ion collisions affect this process. For this
purpose let us recall that, according to Refs [5, 7], the thickness of a collisionless
skin layer (at ve[ < w ~ oi*e ~ w^), Ar ~ c/cope, is a characteristic spatial scale of
stochastic transport. The bounce time has been assumed to be a characteristic
time of stochasticization in a collisionless plasma rb = qR/veV7. A new time,
rr «= nil, emerges when collisions are taken into account. Moreover, all electrons,
not only those trapped within the bananas, diffuse in a collisional plasma. Taking this
circumstance into account, we can write the total electron transport coefficient in a
monochromatic drift wave in the form:

+

Here, c^ and a2 are the numerical factors which should be chosen from an analysis
of simulation results for real discharges in tokamaks. The fact should be emphasized
that the stochastic diffusion process represented by Eq. (3) belongs to an electron
component only in the initial statement of the problem (i.e. in the case of a strictly
monochromatic wave, 7 s 0). However, taking account of an unavoidable inverse
effect of diffusion on the wave damping results in a broadening of the wave spectra
by a characteristic width, 7 ~ x?'kl> providing the plasma diffusion as a whole,
D « Xen-
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TABLE I. EXPERIMENTAL RESULTS OF ECRH ON T-10

Discharge

1

2

3

4

5

6

7

8

a
(m)

0.34

0.34

0.17

0.34

0.32

0.32

0.32

0.34

I
(MA)

0.29

0.175

0.105

0.285

0.2

0.2

0.2

0.23

P
(MW)

0.7

0.6

0.45

0.7

0.86

0.7

1.9

1

(1019 m-3)

2.7

6.8

3.2

5.2

5.3

4.9

3.7

6.6

Te(0)
(keV)

3.7

2.9

3.0

2.8

3.1

3.7

5.8

1.4

Remarks

Wide heating

Off-axis heating

Since all the above mentioned transport processes are statistically independent,
the total transport coefficients should be determined by the sum of coefficients (1)
and (2). The electron channel of heat losses only is analysed below in detail. For this
purpose, let us assume that the electron heat conduction coefficient (and plasma diffu-
sion) has the form:

qR eB0
(4)

where ait ct2, 0:3 are constants which should be found from an analysis of experi-
mental data.

On the basis of the above mentioned ideas a series of discharges with ECRH
on T-10 (Table I) as well as discharges with auxiliary heating on large tokamaks
(TFTR [8], JET [9], D-III [10]) have been numerically analysed. In this case the elec-
tron temperature profrle, Te, ion temperature profile, T;, plasma density, ne, radia-
tion and auxiliary heating power have been taken from experiments (or from
calculations) with due regard for their changes in time. The equations for T; and n,.
have not been solved. However, the contribution related to a change in the plasma
density in time in the study of the dynamic stage is taken into account in the electron
heat flux, qe' ~ (5/2)TeFn. Before presenting numerical simulation results, let us
analyse qualitatively for what effects the terms in (4) are responsible. First, let us
consider the case when

,-1/2
.3/2



IAEA-CN-50/D-I-1

* x o (m2/s) (11 (21

0.5 1 r/a 0.5 r/a

(3 )

0.5

0.5

(6 )

1 r/a

14)

0.5

0.5

(7)

r/a

F/G. 7. Comparison between theoretical heat conduction Xe (dashed lines) and experimental heat con-
duction xVP (solid lines) for various discharges with on-axis ECRH on T-10.

i.e. when one can neglect the second term in (4). In such a form the expression for
Xe has been considered in Refs [11, 12], where it was shown, in particular, that the
proposed model represented rather well the Ohmic discharges with a low density
(rE — nq) and the transition to the scaling law of L-mode (TE ~ p-°-6) under high
power ECRH. The least adequate representation by the model in Ref. [11] is the
behaviour of xe at the plasma periphery. Let us recall that a steep rise in xe(

r) is
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observed, as a rule, in experiments (see, for example, Fig. 1) that is beyond the
framework of the model [11]. The introduction of an additional term in xe> propor-
tional to ve], changes the situation, in principle. First of all, Xe starts to rise at the
plasma periphery, since Xe ~ T~3/2. Moreover, the introduction of the dependence
Xe ~ Tg3/2 into Xe results in the saturation of TE with a rise in ^ in Ohmic regimes.
With a further increase in n,., when p* becomes greater than e""2, rE even starts to
drop. The presence of an inverse dependence of xe on Te is of independent interest
since it does not stabilize the overheating instability and can, for example, be respon-
sible for the density limit observed in the experiments.

Let us now consider the results of numerical simulation. Radial profiles of
experimental electron heat conduction in six discharges under on-axis ECRH on T-10
are given in Fig. 1 (solid lines). The values of xtxp are found from the solution to
the stationary heat conduction equation:

(5,

with due regard for all types of heating and losses: P = Pexp + Pj0Ule — Rrad — Pe;
(discharge parameters are given in Table I). The dashed lines in Fig. 1 depict the
dependences Xe calculated from Eq. (4). An analysis has shown that the constants
«! = 1/3, or2 = 2, a3 = 1/2 correspond to the best approximation to experiment for
all the discharges under study. The profiles Xexp(r) a nd xEe(r) for the above men-
tioned discharges on TFTR, JET and D-III are given in Fig. 2. One can see a rather
good agreement between the theoretically proposed coefficient x^ and the
experimentally observed electron heat conduction over a wide range of plasma
parameters. However, the fact should be emphasized that such a good agreement
between Xexp a nd Xe is obtained in discharges with rather high currents, when q(a)
:S 3. For q(a) > 3, a systematic divergence between x f and xE

e emerges in the
range q(r) > 3, i.e. Xexp > XEe- This contradiction can partly be eliminated by the
introduction of anomalous heat convection.

3. ANOMALOUS HEAT CONVECTION

In searching for possible anomalous convection forms let us proceed from the
results of neoclassical theory, according to which the total heat flux in systems with
a toroidal geometry for the confining magnetic field is represented as the sum of a
diffusive term and two convective terms:

qe = -XAVTe - DeTeViie - Ce - ^ - n j , (6)
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J

5

4

3

2

1

0

LXe (m2/s)

-

— — ^ "
_ S -^

I

(

/
1
1
1
1
1

Jl

1—^.

a)

0 0.5

(m2/s)

1 r/a

0.5 1 r/a

F/G. 2. Comparison between theoretical heal conduction xe (dashed lines) and experimental heat con-
duction xf (solid lines) for discharges on: (a) TFTR, NBI, PNB = 6 MW, ne = 2 x 1&9 m'3,
Ip = 2.2 MA, qa = 3, B, = 5 T; (b) JET, PL = 8 MW, ne = 2 x 1&9 m'3, Ip = 2 MA, qa = 3.7,
B, = 2.2 T; and (c) D-1II, NBI, PNB = 7 MW, ne = 7 x l&9 m3, Ip = 0.8 MA, qa = 1.85,
B, = 2.6 T.

Since the experimental heat conduction is substantially greater than the neoclassical
one, the coefficients De and Ce can also be anomalous. There are theoretical
grounds for increasing the coefficients De and Ce simultaneously with the heat con-
duction [13, 14].

Below we consider electric convection, i.e. an additional heat flux, qe - Ez.
To explain the profile consistency with q ~ Vn,. it is necessary to vary De strongly
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1.5

_ 1-0

0.5

FIG. 3. TJr) distribution for the Ohmic stage of discharge No. 2 on T-10. Solid line: experiment;
dashed line: theory with thermal pinch taken into account; dash-dotted line: theory taking no account
of heat pinch.

0 r/a i

FIG. 4. Te(r) distribution for a wide ECRH profile on T-10 (discharge No. 5). Solid line: experiment;
dashed line: theory with thermal pinch taken into account; dash-dotted line: theory taking no account
of heat pinch.

from one discharge to another. At the same time the presence of a current is a general
property of all the tokamaks, and it is natural to relate heat convection with current
or with electric field. Enhanced energy confinement in Ohmic as compared with aux-
iliary heated discharges also supports the idea of the specific nature of particle and
heat fluxes related to the electric field. Indeed, if one assumes that the electric field
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in the Ohmic regime is not only the source of heating but also the cause for heat con-
vection, the confinement time observed in Ohmic discharges will characterize not the
plasma heat conduction coefficient but rather the compensation measure of counter-
streaming heat fluxes. In this case the level of compensation can be rather high and
can vary in nature according to the origin of the heat and convection sources. In
regimes with high power auxiliary heating as well as in transient processes this
degeneration is eliminated. Therefore the confinement time for an energy additional
to the Ohmic one characterizes the real plasma heat conduction coefficient.

Simulation of Ohmic discharge stages and of the regimes with off-axis heating
on T-10 allows one to choose the following relationship for the anomalous convection
coefficient:

Ce = 1 x 1017 - ^ - (7)
3 ne

Actually the form of this coefficient is determined by the necessity to compensate a
noticeable fraction in the heat conduction flux by a counter-streaming convective flux
at the Ohmic stage of a discharge.

Taking account of Ce (7) in the transport equation, along with the heat conduc-
tion coefficient Xe (4), allows one to represent the profile effects experimentally
observed on T-10. The results of simulation for the Ohmic stage of a discharge on
T-10 at high density are given in Fig. 3. If convective flux is not taken into account,
the heat conduction coefficient (4) provides wider electron temperature profiles with
a considerably lower temperature at the axis. The results of discharge simulation with
a wide ECRH profile are given in Fig. 4, and show reasonably good agreement
between model and experiment.
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Abstract

MODEL FOR THE L-H TRANSITION IN TOKAMAKS.
Fluctuation-driven transport fluxes in the plateau regime are calculated with the methodology of

neoclassical transport theory. Particle and heat fluxes are the most sensitive to fluctuations; the modifi-
cation to plasma resistivity is the least sensitive. The fluctuation-driven bootstrap current and Ware
pinch flux are moderately sensitive and depend on the radial mode structure. One of the thermodynamic
forces depends on the radial electric field Er. Changing Er can change the fluctuation spectrum and
thus the transport fluxes. The effects of Er on the fluctuation spectrum are caused by the radial shear
of the toroidal angular velocity, which is proportional to Erq/r, with q the safety factor. Studies of the
dynamic evolution and the saturation of MHD turbulence under the influence of Er show that the
saturation amplitudes are lower and the confinement is thus better for a more negative value of Er. A
proposed model for the L-H transition is based on the improved confinement with more negative Er.
A scaling for the power threshold P^ is PA <x N3q/(IpMj), with N the plasma density, Ip the plasma
current, and M; the ion mass.

1. INTRODUCTION

Traditionally, neoclassical transport theory and turbulence transport mod-
els have been developed separately. We have begun to integrate these two ap-
proaches by applying the methodology of neoclassical theory to calculate the
fluctuation-driven transport matrix [1,2]. The sensitivities of the various trans-
port fluxes to fluctuations are different. The most sensitive ones are particle
and heat fluxes, which are proportional to m2 with m the poloidal mode num-
ber. The least sensitive one is the modification to plasma resistivity, which is
proportional to the parallel wave vector \m — nq\, with n the toroidal mode
number. The bootstrap current and Ware pinch flux are proportional to m
and depend on the radial mode structure. One of the thermodynamic forces
depends on the radial electric field ET. The effects of Er cannot be transformed
away by a Doppler shift in mode frequency, because a radial shear of E X B
toroidal angular velocity a>/ oc ETq/r exists even with constant ET. Transport
fluxes obtained depend on the fluctuation spectrum. We use the spectrum re-
sulting from the dynamic evolution of MHD turbulence to study confinement

Research sponsored by the Office of Fusion Energy, U.S. Department of Energy, under
contract DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
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in tokamaks—in particular, the effects of ET on fluctuation amplitudes [3]. For
rippling modes, the more negative the value of ET, the lower the fluctuation
amplitudes and, thus, the better the confinement. Experimental results from
several tokamaks also indicate improved confinement with a more negative value
of Er [4-6]. On the basis of these results, we suggest that the L-H transition is
triggered by a sudden change of Er to a more negative value [7]. This change is
caused by enhanced orbit losses at the edge of tokamaks when v*i = UiRq/vue2/2

decreases. A scaling for the power threshold Pth <x N3q/(Ip
tMi) is found. We

make qualitative comparisons of the model and the experimental observations.

2. NEOCLASSICAL TRANSPORT THEORY OF FLUCTUATIONS

It is shown in neoclassical theory that the bootstrap current, Ware pinch
flux, and modification to plasma resistivity are induced by mirror forces, which
reflect particles from magnetic and electrostatic potential wells, acting on plasma
parallel flows [8]. We include such effects in the calculations of the fluctuation-
driven transport matrix. The resultant electron Onsager symmetric transport
matrix for electrostatic fluctuations in the plateau regime is

qe/Te

De w
-0.87W

W -0.87W tr^/T. J

_ 3 n 13

where
re = _ (^_\ e B r e

mfe cTe Te

(1)

m

2 BpRqvei.
m(rn — nq)

\m — nq\

Vte/Rq
V.i

In Eq. (1), E\ is the inductive parallel electric field, ppe is the electron poloidal
gyroradius, Bp is the poloidal magnetic field strength, np; is the ion poloidal
gyrofrequency, vti is the electron-ion collision frequency, tr, is the Spitzer conduc-
tivity, $ m n w is the complex amplitude for the (m, n) mode with frequency u>, and
angular brackets ()e denote the spectrum average {A)e = Em,n,M

 ASm™l E m n w

= m2 |$mnJ2exp[-(a^n/w t
e

mn)2], with
\ \/

= w - meSLnu, where 5^ n w | J [ ( ^ n / t m n ) ] ^n
ET/Br, u)fmn — Vte\m - nq\/Rq, and the prime denoting d/dr. To obtain
the scalings of the corresponding tokamak neoclassical fluxes, we replace the
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spectrum summations in D,W, and ae^ by e2, with e the inverse aspect ra-
tio. For D two orders of magnitude larger than the neoclassical value, we need
Y,m™m2\e§mnU/Te\

2/\m - nq\ > 100e2. However, since m > \m - nq\ for
localized modes, the modification to a, due to fluctuations remains comparable
to or less than that due to neoclassical theory. If the mode is either symmet-
ric or antisymmetric relative to the mode rational surface where m = nq, W
vanishes. If the mode is shifted away from the mode rational surface, W ^ 0
and net fluctuation-driven bootstrap currents and Ware pinch fluxes exist. The
qualitative behavior of the matrix in Eq. (1) is consistent with experimental
observations.

The ion transport matrix for electrostatic fluctuations in the plateau regime
is

/ -n \ / r> 3 n \ / vi \

(2)

where^_ ^ . . ^ . p. ^ , ^ . = £ d^

{ dr

The variables in Eq. (2) are the same as those in Eq. (1) except that the elec-
tron quantities are replaced by the corresponding ion quantities. Because of
the exponential damping factor in £>;, fluctuation-driven ion fluxes cannot be
enhanced over their neoclassical values as much as fluctuation-driven electron
fluxes.

When ET changes, then to maintain r e = I \ the frequency spectrum and
thus the wavenumber spectrum need to change. If Er becomes more negative,
X\ (Xf) and, thus, Ti (Te) may decrease (increase). To maintain Fj — Te, the
spectrum must readjust. Since £>; is sensitive only to the low-frequency, long-
wavelength part of the spectrum, it is less sensitive than De to the spectrum
change. To compensate for the increase of Xf, the fluctuation level should de-
crease, especially in the high-frequency, short-wavelength part of the spectrum,
to reduce De so that Te is reduced to the level of I \ . This kinematic argument
is valid if X{ or X\ is affected by ET, which is possible if there is a radial shear
in the angular velocity Wj oc ET/r. The quantitative change can be obtained by
studying the dynamic evolution of the turbulence.

3. EFFECTS OF Er ON RESISTIVE FLUID TURBULENCE

As an example, we study the evolution and saturation of the resistivity-
gradient-driven turbulence under the influence of Er in cylindrical geometry.
The model consists of the vorticity and Tesistivity evolution equations derived
from resistive MHD theory,
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Here, d/dt = d/dt + z X Vj.$ • Vx is the total convective derivative, with elec-
trostatic potential $ = (§) + $ and resistivity 77 = (7/) + 7). Angular brackets ()
denote ensemble average, the tilde denotes the fluctuation part, and the remain-
ing symbols are defined in [9]. We assume that ET is constant in radius. The
theory of resistivity-gradient-driven turbulence has been studied extensively, and
it may be related to edge fluctuations in tokamaks. Following previous studies of
resistive MHD turbulence theory, we derive a renormalized two-point resistivity
evolution equation

(5)

where D_ is the scale-dependent relative diffusion term, {S) is the source func-
tion for driving fluctuations, the subscript - denotes the relative coordinates,
r+ is the average radius, and Ar is the radial mode width.

The effects of Er are introduced in Eq. (5). Even though ET is constant in
r, ET/r <x ujf of the fluid element in the 9 direction is not. Two fluid elements
located at different radii thus rotate at different values of Wj. The angular
frequency WCM of the center of mass for these two fluid elements gives rise to
the conventional Doppler shift in the frequency spectrum. The difference of
u>f relative to UICM, which is described by Err-/{r^.) in Eq. (5), changes the
correlation time TCI between fluid elements obtained for the ET = 0 case when
coupled to turbulent radial diffusion. The change in TCI leads to changes in
the fluctuation spectrum. These effects of Er are not specific to the rippling
modes but exist for other turbulence modes as well. We see that in general the
spectrum can be affected by the radial shear in w/, namely, d(ET/r)/dr.

To determine the stationary fluctuation spectrum, we invert the evolution
operator in Eq. (5) to obtain the spectrum balance equation

{fjfj)^rci{S) (6)

where rcl = r c / ( l + Vl + Re1)^ + rc
2/2r/

2) ln[{l + R~l) /{DN + a rckOr koe

r_ 9_/2rf)], DN = arklTri + aeklg0
2_ + azk$zzl + a, the a are form factors for

decorrelation length [9], fco are averaged wavenumbers, the decorrelation time
TC = (DklT)~l, the parallel dissipation time rd = (xn^os/^a^Or)1) t r ie relative
E X B time r} = [2{\Er\ - (r2

+ f^E'Jv)koel{r\)k0TY~\ and <r is the sign of
ET. These characteristic time scales represent different dynamic mechanisms in



IAEA-CN-50/D-I-2 17

10"

10"6 -- 6

- 7

z
: (a)

-

_

-

\

I

//

f
!

II

1

1

/I
/,'

—
....

1

s

• -v.

•N ,

erEr/Te

erEr/Te

erEr/Te

1

= 1.2
= 0
= -1.2

1 :

1 
1 

1 
1

-

—
;

:
-

_

1

10"7 -

10"
0.0400 0.0475 0.0550 0.0625

t/To

10"7=-

Eh

1 0 " 9 -

10,-11

| Cb)

Inlr F i
l

l 
In

_
_

= —

-

i i i

— erEr

i i i

n i i |

W
\O \

\ x

\
\

V

/Te=1.2

l l l l l

1 i

3 \

\

°\
\

1 1

1 1 l i l t

!

'V =\ -
s \=
\ -\\\ =\~

1 1 M M

10'
m

10"=

FIG. 1. (a) Evolution of fluctuation level for three different values of erE/Te. (b) Wavenumber

spectrum for erE/Te = 1.2 and —1.2.



18 SHAINGetal.

the system; TJ > TJ > rc for tokamak edge parameters. The Fourier transform
of Eq. (6) determines the wavenumber spectrum of the saturated turbulence
under the influence of ET. We note that the analytic two-point theory outlined
here only shows that the fluctuation spectrum depends on Er. To obtain the
dependence on the sign of Er, we must also consider the diamagnetic effect,
which is included in the numerical calculations. The numerical calculations
are carried out by using a nonlinear multiple-helicity initial value code, and
the evolutions of the fluctuation level with different values of Er are shown in
Fig. l(a). We see that the saturation amplitude is lower for a = —1. The
wavenumber spectra for the two cases are shown in Fig. l(b). The case with
<7 = - 1 exhibits a narrower wavenumber spectrum than the other case. These
results are consistent with the two-point theory and qualitative results of the
kinematic argument. The Er dependence of the calculated frequency spectra is
similar to that of the wavenumber spectra.

The effects of Er in a cylinder are caused by d(Er/r)/dr / 0. In tokamaks,
because plasmas rotate in the toroidal direction, the effects of Er are caused by
d(Erq/r)/dr ^ 0, and the relevant mode number is the toroidal mode number
n instead of m ~ koe as in the cylindrical case.

4. A MODEL FOR THE L-H TRANSITION

Both qualitatively and quantitatively, a more negative value of ET can re-
duce the fluctuation level and thereby improve confinement. Improved particle
confinement with more negative Er has also been observed in the biased lim-
iter experiment and the Impurity Study Experiment (ISX-B). The improvement
of energy confinement time TE with more negative ET is not observed in these
experiments, probably because of the enhanced radiation from accumulated im-
purities at the plasma core when ET is more negative. On the basis of these
experimental observations and theoretical studies, we suggest that the L-H tran-
sition in tokamaks is triggered by a sudden change of ET to a more negative value,
which in turn reduces the fluctuation level and improves the confinement.

Before the L-H transition, Er in the edge region (but still inside the separa-
trix) of a tokamak is probably determined by the nonambipolar ion particle flux
Ti+cx induced by the plasma momentum loss associated with charge exchange
and ionization processes,

^ v ) i + c x N n U t ( 7 )

where {(rv)i+cx is the (erv) for ionization and charge exchange processes, Nn is
the neutral density, and Ut = -(cTi/eBp)(e$'/Ti + P'JPi + aT'JTi) with a a
constant. At the ambipolar state, Ut — 0 determines the value of Er for the
L-mode. Because of ion heating, the ion collisionality «/*; decreases and ion
orbit loss increases. The increasing ion orbit loss makes ET more negative. To
model the ion orbit loss, we assume that the loss cone is determined by the
resonance between parallel speed V|| and poloidal E X B drift, which gives rise
to the resonance condition [10] v\\/v — vti/v ppieEr/Ti, where v is the particle
speed. Since |v||/ti| < 1, the resonance condition can be satisfied if v/vti >
ppieErjTi. Furthermore, the ion orbit loss is most important in the banana
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regime, where particles with speed v satisfy v*i(v) = Vi{v)Rq/{€iliv) <C 1. Here
V{(y) is the ion collision frequency for particles with speed v. For f«i(v) <C 1,
v/vti 3> [f»i = v*i(y = vti)Y • With these two constraints on v/vn, we estimate
the nonambipolar ion orbit loss rate to be

(8)

where x = ppieEr/Ti and G is a geometric factor that depends on the details
of the loss cone boundary in the phase space. To reach the ambipolar state, we
must have

= -N (9)

which is an equation for Er. We approximate Eq. (9) with an algebraic equation
by replacing the djdr operator with 1/Ar, where Ar is the typical radial scale
length in the edge region of a tokamak. The simplified equation for Er is then

(10)

where F{ = ( A r / p p O p i / . - / ^ ™ } ^ Nn)], and Aj = -Ppi(Pi/Pi + aT!/Ti).
The qualitative behavior of the solution to Eq. (10) can be understood by

examining the intersections of the two functions yi(x) = —(a; + Â ) and j/2(*) =
Fi [f.,7(i/,i + x4)1/2] X exp [-{v.i + x4)1/2] with x as the variable. Schematic
plots for yi(x) and 2/2(2:) are shown in Fig. 2. For !/,,• >̂ 1, or high JVn, which
implies small Fi, the approximate solution to Eq. (10) is x ~ —Af, which is the

2.0

1.6

1.0 -

0 . 5 -

-0.5
-2.0 -1.5 -1.0 -0.5 0 O.E 1.0 1.5 2.0

FIG. 2. Schematic plots of the junctions y,(x) = -(x + \J and y2(x) = F./v./fv., + x4)"]
x exp[-(v.,,+x4)]".
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value of the radial electric field for the L-mode in this model. For v,i < 1 and
low Nn, which implies large Fi, the normalized radial electric field x in Eq. (10)
is more negative than — Aj. This is the value of the radial electric field in the
H-mode. Confinement times are higher for this value of x than for x = — A;
in the L-mode, as discussed previously. However, for i/»; —» 0, the solution to
Eq. (10) again approaches x = -A;, implying that the confinement is reduced
to that of the L-mode. Therefore, a range of //.; exists over which the H-mode
can occur.

For low Nn, the onset of the L-H transition occurs approximately when
uxi ~ 1, which can be achieved with ion heating. If the plasma is in the L-mode
and f»£ > 1 (the Pfirsch-Schliiter regime), then the direction of the ion V 5
drift relative to the null position of the divertor is important for neoclassical ion
energy confinement [11]. Less power is needed to reach i/»; ~ 1 if the ion V 5
drift is directed toward the null position of the divertor than if it is directed away
from this position because the ion energy confinement is better in the former
case.

The onset condition v^ ~ 1 gives rise to the relation for hydrogen isotopes:
NRe~3/2q = CT2, where C is a constant. To obtain the power threshold Pth,
we assume Te = T; = T. From a typical energy confinement scaling for the
L-mode [12], we have NTV/Plh ~ TE OC IpP^'2M^V0'^1'75 , where V is the
plasma volume, a is the minor radius, and Pth is the total heating power at the
onset of the L-H transition. Substituting TE into the onset condition, we obtain
a scaling for the power threshold,

In obtaining Eq. (11), we used a global scaling for TE to find a relationship
between T and P^ . Because we are discussing the value of »/,; in the edge
region, we should use a local edge energy confinement time scaling, but no such
scaling is available. Each tokamak generally has a unique TE scaling, so the
power threshold Pth is likely to vary from device to device. For fixed N and Ip,
Pth is proportional to the toroidal magnetic field strength Bt. If N is linearly
proportional to Ip, then Pth does not depend on Ip. We also note that Pt^ is
inversely proportional to M;.

Several qualitative features of the neutral model for the L-H transition are
consistent with the experimental results. Both high Nn and v,i > 1 have
detrimental effects on the L-H transition. If the plasma density is too low for
a fixed value of T;, which implies that v*i is very much smaller than unity, the
improvement in rp and r^e is unlikely to occur. Because ET is more negative
in the H-mode, the impurities accumulate in the plasma core in the H-mode.
One possible problem for this model is the "suddenness" of the transition. For
the simplest version of the model, given in Eq. (10), the suddenness is provided
by a rapid increase in Ti, which causes the corresponding rapid decrease in i/*;.
It is not clear whether this suddenness is adequate to explain the experimental
observations. However, we note that Nn is itself coupled to the plasma transport,
both in the edge region of the tokamak and in the divertor; this may provide an
additional suddenness mechanism associated with the bifurcation phenomenon
observed in the one-dimensional divertor model [13].



IAEA-CN-50/D-I-2 21

We have discussed ET in the edge region of a tokamak. To improve TE, Er

must become more negative over a wide range of plasma radius. The coupling of
Er in the interior of a tokamak to ET in the edge region, through an anomalous
plasma viscosity induced by fluctuations [14], is governed by

«H-i£,,^ (12)
at r or or

where \i is a diffusion coefficient for Ut or ET. In the fluid regime, the electrostatic
fluctuation-induced momentum diffusion coefficient is

m fJo
dZ

where Z — vjva. Note that \i is of the same order as the fluctuation-driven
heat conductivity in the fluid regime. One way to model the L-H transition
is to impose a set of boundary and initial conditions for ET on Eq. (12). The
edge boundary condition for Er is determined by Eq. (10). When the value of
ET in the edge region changes because of changes in i/,; and F;, the solution to
Eq. (12) changes and leads to improved confinement, according to Eqs (1) and

(2).
The sign of ET in the H-mode in our model is opposite to that in the Itoh-Itoh

model [10]. Questions such as whether changing ET is indeed the mechanism
that triggers the L-H transition, and, if it is, which sign of ET is relevant to the
H-mode must be resolved by experimental measurement of ET.

5. CONCLUDING REMARKS

We apply the methodology of neoclassical theory to calculate the transport
matrix induced by fluctuations. We find different sensitivities to fluctuations
for the various transport fluxes. The most sensitive are particle and heat fluxes,
and the least sensitive is the modification to plasma conductivity. One of the
thermodynamic forces depends on ET. Changing Er can change the fluctuation
spectrum and thus the transport fluxes. The fluctuation level is lower, and
confinement is thus better, for a more negative value of Er, consistent with
experimental observations. We propose a model for L-H transition based on the
improvement of confinement with a more negative value of ET. The change of
ET to a more negative value is triggered by the enhanced ion orbit loss when «/„•
decreases. A power threshold scaling Pth °c N3q/(I%Mi) is obtained.
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Abstract

A MODEL OF THE H-MODE AND SCALING OF SOL AND DIVERTOR PLASMA.

Part A. A theoretical model for the H-mode transition in tokamaks is presented on the basis of
the bifurcation of the radial electric field at the edge. The non-ambipolar fluxes of ions and electrons
at the edge determine the consistent electric field near the plasma periphery. Bifurcations of electric
field, particle flux and convective energy flux occur if the edge gradient reaches a critical value. Neutral
particles strongly affect the transition condition. The critical condition is rewritten in the form of the
threshold power for the L-to-H-mode transition. Impurity accumulation results from the edge pedestal
and causes the edge localized modes (ELMs) and the transition to the L-mode. The effect on the edge
fluctuation is also discussed.

Part B. A two-dimensional and time development code is applied to the scrape-off layer (SOL)
and divertor plasmas in the open divertor configuration. The scaling of SOL plasma parameters with
the particle and heat fluxes from the main plasma is obtained. The results obtained are applied to a reac-
tor grade plasma, and the compatibility of main plasma performance and divertor function is discussed.

PART A. A MODEL OF THE H-MODE

1. INTRODUCTION

The H-mode in tokamaks [Al] has been studied with various heating methods
in limiter/divertor configurations. We present a refined model of the H-mode transi-
tion based on the bifurcation of the convective loss at the edge [A2]. The influence
of the associated impurity accumulation [A3] and the role of neutrals [A4] are also
included. On the basis of these analyses we describe the L-to-H-transition, the
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threshold power, the temporal evolution of radial electric field and pedestal forma-
tion, the impurity accumulation and edge localized modes (ELMs), and discuss the
effect of trapped particles on the instabilities.

2. L-TO-H-MODE TRANSITION

Non-ambipolar losses of ions and electrons at the edge (a region inside the
plasma surface whose width is of the order of the poloidal gyroradius, pp) generate
the radial electric field. The non-ambipolar component of the anomalous electron
flux, r e

N \ is written as Te
NA = - Dei^n,,'/^ + eEr/Te + aTe7Te), where De is the

anomalous diffusion coefficient and a is a numerical coefficient ~O(1). This can be
non-ambipolar because the wave momenta leak to the scrape-off region. The flux
Fe

NA is reduced for the fixed gradients if Er is positive. The non-ambipolar ion loss
is caused by the loss cone and is given by TiNA ~ n;pp F; /Verj, where e, T{ and
F; are the inverse aspect ratio, the ion-ion collision time and the number density of
the loss ions in the velocity space. In the presence of Er, the loss cone shifts because
of the toroidal rotation, and the loss rate scales as F; = F, exp(-aul), where
uE = - Er/(BpvT) and a = 2e(l - cos#m). <j is of higher order in e, but close to
unity; it is improved over that of Ref. [A2] (see Ref. [A5]). (0m is the effective

d =0.5

A 5

A 5

FIG. 1. Normalized flux T and radial electric field X as a Junction of edge gradient \
(T = T; VeTj/riiPp, X = p?eEr/T{). The transition occurs at critical X, which increases with dn (a = I,
d = 0.5).
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poloidal angle of the limiter position.) The electric field is determined by the
zero net current condition, Te

NA = rL
NA, or exp(-aX2) = d(X - X), where

X = ppeEr/Ti, d = DeTjVe/FipJ and X = - Tjp (itfn,. + aTe7Te)/Ti.
It is found that there is a threshold of the gradient at the edge, \c , for the tran-

sition. When X exceeds Xc ~ 0(1), a sudden reduction of the particle flux
(associated convective energy flux) and the change in Er of the order of XT/epp
occur. This bifurcation is considered to be the L-to-H-mode transition.

The ambipolar condition is affected by the neutrals. Ion momentum is also lost
through the charge exchange (CX) process with the neutrals [A4-A6]. The bifurca-
tion condition is extended to

exp(-crX2) + dB X) = d(X - X) (1)

where \ = - pp(n{/ni + a{T{JT{), a{ is a coefficient close to 1, dn = n ^ (<7cxv)
x A/F;pp, A is the penetration depth of the neutrals given by vo/ne (aionv) (v0 is the
neutral velocity and no the neutral particle density).

Figure 1 shows the bifurcations in T and Er at the critical value of \ . The neu-
trals increase the critical gradient for the transition, and the normalized flux T
becomes large in the presence of CX loss.

0.5 -

4 A 5

FIG. 2. Criteria for L-to-H-mode (solid line) and H-to-L-mode (dashed line) transition in the d-\ plane

(a = 1 and dn = 0). Hysteresis appears near the transition condition.

3. TRANSITION CONDITION AND THRESHOLD POWER

The phase diagram of the L-H-transition in the X-d plane is shown in Fig. 2.
The approximate condition is given by dX - dnX, = 1. From Fig. 2, we see that the
condition pp/A > 1, which is obtained in Ref. [A4], is a necessary condition for the
transition. From Eq. (1), we have another constraint for the existing of the bifurca-
tion (i.e. dF/dX < 0 for some X), namely dn < Ve/2cr.
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The threshold power is obtained as follows:
We assume that (1) De has the simple form of drift wave turbulence (trapped

particles and ??; modes): De = Do VeMT15/B2Z; (2) VII^/II,, is estimated to be
- I/A; (3) a = oij = 0 and A, = X = pp/A. Assumptions (1) and (2) are consistent
with the present L-mode scaling of the particle confinement time, TP, in JT-60
experiment [A7] and a numerical simulation. Taking into account the T-dependences
°f (<7ionv) and (ffCx

v) as (<rionv) = 5 x lO~14T?oo m3-s"' (T100 is T measured in units of
100 eV, 0 > 0 for T < 100 eV and /3 « -1 /4 for T > 100 eV) and <acxv)
* 10"14 T/ojj m3-s~', we can rewrite the critical condition as

14 T ^ (l - 4 2 f R f i 2 )Ik>

where we assume F » 1, Do = 5 m2 • s"1 at B = 1 T and T = 100 eV, Z is the
ionic charge and M the mass number. For present day tokamaks, T > 100 eV is
necessary to satisfy inequality (2), and we take /3 = - 1/4. This fact is also con-
firmed by a transport code analysis [A8]. The power dependence of the edge tempera-
ture is obtained from the transport analysis of the scrape-off layer (SOL). When the
classical value of xu and Bohm-like D± are employed [A9], T scales as
T oc (ZP2B2/aIpnb)2/n, where nb is the boundary density. The power dependence has
been confirmed by the numerical simulation to be presented in Part B. If the neutral
density is low, the approximate form of the threshold power is given by combining
Eq. (2) and T[P] as

ZS7/18Bl3/9Rll/9al/2n(l/2

M"/9I13/18

This relation yields a favourable dependence on M and Ip and an unfavourable
dependence on Z, B and the machine size. The lower density limit is imposed by the
neutrals. From Eq. (2) and the criterion of dn for bifurcation, we have

n.,9 > 4.2 x 10-3 - S * _ T]&12 no16 (4-1)

o \ "4 VBn1 .5 (^1 - ^ - T J ^ V ^ (4-2)

where n,, and r̂ , are given in units of 1019 m"3 and 1016 m"3, respectively.
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4. TEMPORAL EVOLUTION OF Er AND PEDESTAL FORMATION

When the critical condition is satisfied, the radial electric field starts to grow.
The evolution of Er is governed by the equation

r v . - C - 1 • • \ -n I ^ '

where ^ x denotes the viscosity. The transient time-scale of the Er growth is esti-
mated to be 30 us for parameters of R = 1.6 m, a = 0.4 m, B = 2.5 T, q = 3,
T = 0.5 keV and ne = 3 X 10l3. After this rapid transition, the convective loss is
reduced. The loss at the edge, Pout, becomes smaller than the flux from the core
plasma Ps (= Phea, - Prad - Pcx). The sudden increase in Ps - Pout causes the
pedestal. The conductive and ambipolar components of the loss determine the steep-
ness of the edge gradient. Owing to the viscosity in Eq. (5), Er diffuses. The typical
time-scale is estimated to be 30 to 40 ms for the parameters given above, which is
of the order of the transport time-scale.

5. IMPURITY ACCUMULATION, ELMs AND H-TO-L-MODE
TRANSITION

Because of the steep ion gradient at the edge pedestal, the neoclassical effect
causes an inward drift of the impurities. We study a hydrogen/deuterium plasma in
the regime of Z\ n^n; ~ O(l) and Z^/fy < 1. Zs is the impurity charge, and the
subscript I denotes the impurity. The accumulation modifies the transition condition
through enhanced pitch angle scattering and the impurity loss of the loss cone [A3].
These phenomena enhance the non-ambipolar loss of the ion species. Estimating the
width ppI to be given by m^lm^, we have the condition for positive Er branch in
the absence of neutrals: dX > Zeff + (min^/iriiniXF^Fj).

The critical value \ . is also increased by the impurities. Figure 3 shows a
schematic graph of Er(X,nr/n;) and the trajectory of the parameters. After entering
the H-regime (A — A') , the pedestal grows and impurity accumulation starts. Diffu-
sion of Er takes place (A'— B). The impurity accumulation can trigger the transi-
tion to the L-phase (B — B'). The pedestal disappears and Zeff is reduced (B' — C).
Owing to the reduction of Zefr, the plasma recovers to the H-mode (C — C')- This
short L-phase with a burst would be observed as ELM.

If impurities accumulate in the core plasma so that Ps becomes too small,
recovery to the H-phase is impossible. The reduction of Ps takes place with a certain
time, delay (typical value: re). The H-mode may survive after the termination of the
additional heating.
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FIG. 3. Schematic drawing of bistable solution E, (X, n/rij) and trajectory of(\, ii,/^, Er). Transitions
occur at A, B, C and D.

6. EFFECT ON INSTABILITIES NEAR EDGE

The effect of Er on the trapped particle instability is examined by calculating
the toroidal drift velocity. The change of J = m^v, dtand T = fydl/vu are calculated
from the orbit in the rotating frame, v2 = VQH - e(l - cos8)(v\0 + 2v|) + ug(vn
- V||0)

2, where vE = vTuE and ug = pp(dEr/dr)/(viTBp), corresponding to the effect of
dEr/dr. The toroidal drift is given by (qR/rqsBr)dJ/3r (qs is the particle charge).
Homogeneous Er causes toroidal rotations of electrons and ions (vE term) with the
same speed and a real frequency shift of the modes, but does not affect the stability.
The effect of dEr/dr shifts the curvature drift of the trapped ions from vd0 to
vd0(l + 2ug), where vd0 = -mv2

0 qR/2qsBr2. If 3Er/dr is negative and dldx is esti-
mated, from the banana size, to be given by ~-Jllpv, the relative toroidal drift
velocity of the trapped electrons reduces by a factor of 1 - 2\H. The growth rates
of the trapped particle instabilities are reduced. To assess the effect on the stability,
a further combined analysis of plasma and electric field transport and stability is
necessary.
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PART B. TWO-DIMENSIONAL ANALYSIS
ON SOL AND DIVERTOR IN TOKAMAK

The boundary condition of the main plasma as well as the divertor function must
be determined consistently by the plasmas in the SOL and the divertor. The Unified
Edge Divertor Analysis (UEDA) code, which deals with 2-D and time dependent
plasmas, has been developed [Bl]. The plasma and neutral particle profiles are solved
in a realistic geometry. The fluid model of the plasma is used, and the perpendicular
diffusivity is given by D = 2DB (DB = T/16eB); the parallel conductivity is
assumed to be classical. Neutrals are treated by the Monte Carlo method [B2]. The
solution is obtained for the given particle and heat fluxes, Fp and P, out of the main
plasma.

We study the dependences of the SOL and divertor plasmas on Fp and P and
examine the case of the JFT-2M tokamak [B3]. The fluxes Fp and P are chosen as
5 x 1021 s~l and 0.5 MW, respectively. The density buildup at the divertor is con-
firmed: n,. = 10l9 m"3 at the divertor (d) and 5 X 1018 nr3 at the plasma edge in
the midplane (m). The scaling for the plasma at the edge is as follows: The e-folding
length of Te, XT, and Te at the midplane are found to scale as XT oc p-°-3 and
Te(m) oc p0-4. The minimum clearance of the main plasma from the wall to establish
the divertor function scales as L'-3P~0-3, where L is the typical machine size, for
fixed density at the boundary, and is about 8 mm at midplane for the D-III tokamak
(P = 1 MW, Tp = 1021 s"1) [B4]. The scaling laws for the peak value of Te(d) and
n,(d) are also obtained. When the flux Fp is large, the factor G[Fp] = F(d)/rp

saturates, and a dense divertor plasma is formed. In this high Fp limit, we find that
Te(d) scales as P/Fp and is given by 30(eV) X P(MW)/Fp(1022 s"1) for the
parameters of JFT-2M and that n;(d) scales as F'-'P"035.
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FIG. 4. (a) Transient time responses of SOL plasmas in midplane (m) and in divertor region (d) in
JFT-2M. Tp (t < 0) = 5 x 102 Tp (t > 0) = 2.5 x 102 and P = 0.5 MW. (b) Analysis
of reactor grade tokamak. Contour lines o /C 4 + are plotted. Fp = 1O22 s"1 and P = 60 MW.
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The transition phenomena are studied. We simulate the case where Fp is sud-
denly reduced to Tp/2 at t = 0 (P is kept constant). A change in the Ha brightness
occurs after 200 ^s in the divertor region; it appears more rapidly in the midplane
( - 5 0 /xs). The changes in Ha, n(d), n(m), T(d) and T(m) are shown in Fig. 4(a).
This is consistent with the time delay of the Ha change observed in the L-to-H-mode
transition and supports the picture, set forth in Part A, that the transport barrier first
establishes inside the plasma surface.

The reactor grade plasma with open divertor configuration is examined from the
viewpoints of the protecting divertor plate and the ash exhaust. Preliminary results
are obtained. The parameters are a = 1.2 m, b = 2.15 m, R = 4.6 m, BT = 4.6 T
and Ip = 5.9 MA (the magnetic surfaces are those of FER [B5]). The first wall is
SUS, and the divertor plate is carbon. Figure 4(b) shows the profile of C4+ for the
case of Tp = 1022 s"1 and P = 60 MW after following for 1.1 ms by the code (no
steady state is achieved). Radiation cooling reduces Te(d) to 30 eV, while Te(m) =
150 eV. The initial rate of erosion is 1.1 m-a"1 at the outside divertor. The rate of
carbon influx to the main plasma is 1.7 x 1020 s"1. The ash exhaust is also ana-
lysed. Alpha particle exhaust of 1020 s"1 (which corresponds to a fusion power of
60 MW) is realized if Fp reaches 1024 s"1 [B6]. These analyses show the existence
of a lower limit for the particle flux Fpmin for the divertor to function properly.
Using the relation Fp = neVp/rp and the present scaling law for TP in the L-mode,
TP[S] = 0.05a [m] (B/4.5T)5/ne [1020 m"3] (P[MW])°5 (6 * 1.5) [B7], we find that
Fp scales as VPn2. The divertor function imposes the lower limit for the density.
The H-mode is incompatible with the divertor function in a stationary reactor regime.
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Abstract

TEARING AND MICRO-TEARING INSTABILITIES IN TOKAMAKS.
Tearing and micro-tearing mode theory is extended to include finite beta and toroidal coupling

effects between resonant layers, and trapped particle effects within the resonant layers. A toroidal
analogue of the cylindrical A' is introduced and evaluated numerically at finite 0. This shows that pres-
sure driven tearing modes can become unstable at /3 values which are less than ideal /3 limits. In addition,
resistively stable equilibria with q0 < 1, and small but finite 0 are constructed, and their implications
for understanding sawtoothing are discussed. Micro-tearing modes are shown to be unstable in weakly
collisional (vc < u.e) toroidal equilibria.

(1) Introduction

Tearing modes and micro-tearing modes are of great importance
in determining the nature, and evolution, of Tokamak discharges.
The gross tearing modes, with toroidal mode number n = 1 or 2}
are believed to play a part in sawteeth and disruptions while it
has been conjectured that microtearing instabilities (with n » l )
may be responsible for poor electron energy confinement in
Tokamaks.

The linear theory of such instabiities consists of two
ingredients: boundary layer solutions of the eigenmode equations
in the vicinity of the resonant surfaces where m = nq (m is the
poloidal mode number of a Fourier harmonic of the mode, and q(r)
the safety factor), and solutions between resonant surfaces. For
the outer regions (remote from resonant surfaces) the linearised
equations of ideal mhd suffice, and their solutions can be used in
conjunction with either linear or non-linear descriptions of the
layer physics to describe the stability of tearing modes.

(2) Toroidal Calculation of A'

Up till now most tearing mode analysis has utilised the
cylindrical, zero j3, approximation. In the toroidal geometry of

Plasma Physics Laboratory, Princeton University, Princeton, NJ, USA.

33



34 CONNOR et al.

a Tokamak, however, many poloidal harmonics couple together
demanding a 2-D treatment [1]. Solution of the equations for
many coupled harmonics then yields a constraint relation among the
M (where M is the number of resonant surfaces in the plasma)
values of A1, the jumps in the small solution at each of the
rational surfaces. Thus, when M = 3, the A' values (whose
precise definition is given in reference [2]) must satisfy a
relation of the form

3 3
n (A,• - A,) - Z B.(A,' - A,) - C - 0 (1)
j=l J J j=i J J J

where the quantities A-, B•, C are obtainable from solution of
the ideal mhd equations. Calculation of precise linear stability
boundaries then requires the solution of the dispersion relation
resulting from matching layer solutions to these mhd solutions,
i.e. by inserting the appropriate A^'(CJ) for each layer into
equation (1). For realistic Tokamak conditions the layer dynamics
is complex, and the calculation of the A'^(w) a major
undertaking. A particularly important example, however, is that
of a neutrally stable layer for which A' .= « yv, where 7 is the
mode growth rate, and u is positive. A familiar example is the
resistive, zero pressure, layer model [3]. Although such a model
is unrealistic, it does provide a simple measure of the energy
available from the external regions to drive tearing. Thus in a
cylinder, or a torus with only one singular surface, one obtains
the familiar inequality A1 < 0 as the criterion for tearing to
be energetically unfavourable. For the case of M resonant
surfaces in a toroidal equilibrium,one single toroidal stability
index, Arp', can also be calculated. Thus, for three resonant
surfaces, the sign of Â ,' , where

V = {.n (-A.) + z A. B. - c}
j=l J=l

(2)

determines tearing stability for such a neutrally stable layer
model. (When A™,' = 0, one solution of the dispersion relation
is 7 = 0 and the equilibrium is stable to tearing modes if
A- < 0 and A'-j. < 0). In the following we utilise this stability
index to characterise the stability of toroidal equilibria to
tearing modes.

As an interesting example we have considered the large aspect
ratio, Iow-j3 ordering (e ~ /3/€ « 1) of a Tokamak with circular
cross-section. The mhd equations are truncated at three poloidal
harmonics with both e and /3/e coupling terms retained. These
equations have been solved numerically using a variable step
length shooting code to determine the parameters of the constraint
(1), and hence the stability index Ap', for cases with M = 1, 2
or 3. We present a brief summary of some results in the following
sections.
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(3) Pressure driven tearing modes

Taking simple but representative monotonic p(r) and q(r)
profiles having one or more resonant surfaces in the plasma^we
have explored the behaviour of the toroidal stability index Ap'
as /3 is increased, using the stability code described above. In
Fig. 1 we show the dependence of Ap' on pressure for the case
of a flattened q(r) profile having a single resonant surface at
q=2. The pressure profile is parabolic while q = qo(l + 48r

1 0) 1/ 5

with q0 = 1.01, the aspect ratio e - 0.2, and n = 1. As
pressure is increased a tearing stability boundary is crossed,
before an ideal 'infernal' mode [4] appears. The critical /3 for
these instabilities depends sensitively on the value of (qQ - 1).

To investigate multiple resonant surfaces the equilibrium
defined by q = 1.01(1 + 3r 2), p = po(l - r

2 ) , e - 0.01 was
used, for the case n = 4. There are then 12 rational surfaces.
The truncation of the coupled equations at three harmonics (m-1,
m, m+1) generates a constraint and corresponding Ap'(m,n). By
varying m, however, we can study different triplets of poloidal
harmonics centred at different radii. This was done, and the
Ap1 — 0 stability boundary plotted on an s = rq'/cj>
a = -2Rp'q2/BQ

2 diagram by evaluating s(r) and ct(r) at the
central resonant surface rm in each case. These s - <x
diagrams are of course only one convenient way of representing
intermediate-n tearing results. The value of Ap actually
depends on many other parameters, notably the ^(jn/B)' kink
driving term, and only depends on local parameters at rm in the
limit n » 1. Fig. 2 is the s - a stability plot for n = 4.
The three curves shown are the n = 4, Ap1 = 0 boundary, an ideal
n = 4 boundary (where A, B, C -> + °») and, for reference, the
n -> co ideal ballooning boundary.

A'.

4 0 -

30

20

2/1 '0

0

-10

0-5 1-5

-201-

FIG. 1. Toroidal A' as a junction of$ for toroidal mode number n = 1. The q(r) profile has low shear
in the plasma core, and q0 = 1.01. Aspect ratio A = 5, and the pressure is a parabolic function ofr.
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FIG. 2. Beta limits for n = 4 tearing and ideal modes presented as an s - a plot as described in the
text. Parabolic pressure profile and A = 100. The ideal mhd n — oo ballooning limit is shown for
comparison.

From these results it is evident that pressure drives tearing
instability at values of /3 which may be lower than the ideal
n -> » ballooning limit. Whether tearing does in fact occur, and
islands form, depends on the other ingredient in stability theory,
the resonant layer dynamics, and this is discussed in section
(6).

(4) Comparison with TFTR Supershot data

The toroidal tearing mode code has also been used to
investigate experimental equilibria. Two TFTR supershot
equilibria have been analysed for stability to toroidal tearing
modes. These are discharge no.30730 which showed no mhd activity
and discharge no.26609 in which an m = 3, n — 2 locked mode was
observed. Profiles for q(r) and p(r) were taken from
experimental data and A-j.1 was calculated at various values of
/3Q (central beta) including the experimentally measured value.
Both discharges were predicted to be unstable to the n = 1
tearing mode at the q = 2 surface, even at 0Q = 0. At the
experimental beta value both were tearing unstable (Aj,1 > 0) for
n = 1 at all integer q values, and were indeed close to ideal
marginal stability near the plasma edge. In neither equilibrium
was 0 sufficient to drive an n = 2 tearing mode.

These theoretical predictions correlate very poorly indeed
with observation. Possible explanations for the discrepancy could
be associated with (i) the aspect ratio expansion and associated
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truncation at three poloidal harmonics, (ii) extreme sensitivity
of stability to the q(r) profile (correct representation of
current gradients requires an accurate knowledge of q"(r)!) (iii)
effects due to energetic beam ions and (iv) resonant layer
dynamics.

(5) Sawtooth application

A major difficulty in reconciling experimental observations
of sawtoothing discharges with tearing mode theory has been the
theoretical prediction of m = 1 resistive instability whenever
qo < 1. Bussac et al.[5] and later Connor et al.[2] showed that
for a simple monotonic q(r) profile with qQ < 1 the toroidal
Aj,' for n = 1 favours instability. Experimental measurements
giving values of q < 0.7,e.g. in TEXTOR [6] could then be
reconciled with theory only if the physics of the resonant layer
was strongly stabilising, overcoming the A]-.' drive. Pellet
injection in JET, however, then revealed the phenomenon of
persistent density perturbations [7] with m = n = 1 topology
(also referred to as 'snakes'). The natural interpretation for
these is that they are islands on the q = 1 surface, produced
initially by local cooling due to the pellet. If this is so^ it is
difficult to understand why, in the presence of a positive
Aj'(n = 1), these islands do not grow to complete reconnection.

Recently, however, using the PEST III code,Soltwisch et al.
[6] showed that stable equilibria with qQ< 0.7 do exist in the
0 = 0 limit. In fact, using ideas from Taylor's relaxation
theory of pinches, one can construct stable equilibria with qQ < 1

for any aspect ratio. A specific analytic form for q(r), which
is Aj, stable for n = 1 with qQ below unity^is:

q(r) = (qQ + Aq)[(l+Xr^)-
L/'' + e^] - Aqe~L 'u (3)

with qQ =0.8, Aq = 0.199, X = 8, v =
R4, b = 0.1 and e = 13/32;

this equilibrium is stable at aspect ratio A=3 and 0=0.
Indeed such an equilibrium has a margin of stability^ and the
parabolic coefficient, 13/32 can be increased somewhat before a
marginally stable equilibrium is reached. AlternativelVj such a
q(r) profile can sustain a significant pressure before n = 1
instability is triggered.

It is interesting to note that other tearing modes can be
shown to be unstable in a Tokamak at the magnetic axis unless the
core region is close to a force free relaxed state. Thus the
toroidal generalisation of Robinson's [10] on-axis tearing
criterion is

* - 16) (4)
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with A = 7-2m defining the stability threshold, and A = 8 the
relaxed state. This has been verified using the toroidal
stability code. When qQ takes the values 3, 2, 3/2, 1, 3/4,
2/3, etc. a very narrow stable window around the Taylor-relaxed
state is found. With resonance off-axis only the q=l mode
remains difficult to stabilise with q(r) profiles similar to (3)
above being required.

(6) Trapped particle effects in the resonant layer

To complete the linear theory of tearing and micro-tearing
modes the outer mhd solutions are asymptotically matched to the
singular layer solutions. In the resonant layers, however, much
sophisticated physics comes into play, and a two-species, long
mean-free-path description of the plasma is essential. Three
distinct regimes of collisionality (or alternatively of
wavelength) can be identified and exploited in solving the bounce
averaged electron Fokker-Planck equation. These are (i) the
neo-classical fluid limit [9] i>& > a>*e (where j>e is the
electron collision frequency and u%e the electron diamagnetic
frequency), (ii) intermediate collisionality "e/

e > w* e >
 v

&i
and (iii) weakly collisional [10] w^e > fe/e. We report here
solution of the physically important case (ii). The layer width
6 is determined by the collisionless condition <JA ~ knV givin5

5 = -r-̂  p and is typically smaller than the ion Larmor radius,

Ps , so that the ion perturbation is unmagnetised. The perturbed
electron current, j„, in the layer is calculated as a function of
the potentials <j> and A,,, and quasi-neutrality relates </> to
Alr. Integrating the Maxwell equation V^2A,, = 4irj,,/c through the
layer one then obtains an expression for A^C)

In the low 0 limit (j3 = \ 0e L|/Li < 1) the 'constant-*'
approximation is valid [3,11] and an analytic expression for
Al(co) has been obtained with the effects of ion magnetisation
[11], trapped particles and collisional broadening of the Landau
resonance appearing. Typically, for moderate n, the resonant
layer contributions to the matching are larger in magnitude than
the external A' so that linear stability is determined by purely
local plasma properties. However, once a linear instability
boundary has been crossed the sign of the outer Aj, assumes great
importance since this quantity should influence whether an island
will grow to macroscopic size.

In the resonant layer electron trapping is found to be
destabilising (the results connecting smoothly to those obtained
by Catto and Rosenbluth [10] for the weakly collisional case),
while collisional broadening of the Landau resonance is
stabilising. Combining expressions quantifying these effects with
the collisionless damping due to ion magnetisation [11], we have
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obtained an expression for the linear growth rate, 7^, driven
from within the resonant layer:

where

1 [1+7(1+0. 577e)]

"e> :
C =

1(1+0.

C - 1 ^ ( 2 P i / S e ) [ l - 0-5^+7(1 + 0.5, ,)] ( 1 + Q 5 ,
2 ? (1+7) [1 + 7(1 + 0.5« )] e

(1 + 7)
7(1 + 0.5V]2

T /T
6 X

These results show that, contrary to the predictions of
cylindrical analysis, micro-tearing modes can be linearly unstable
in weakly collisional (i> < <a*e) toroidal plasmas. When
instability exists it does so over a finite band of *>eA>*e
values, and therefore of toroidal mode number n.

For typical JET parameters the range of unstable mode numbers is
15 < n < 60. The linear instability of the micro-tearing mode
driven by trapped particles offers a mechanism for anomalous
energy transport due to magnetic field fluctuations.
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Abstract

RESISTIVE BALLOONING MODES AT HIGH BETA.
The resistive ballooning mode is studied in a separatrix geometry for H-mode type equilibria.

Besides the 'usual' ballooning mode accessing a second stable regime at large plasma pressure gradients
(a), another branch of resistive ballooning modes, which do not stabilize as a increases is found. Large
pressure gradients, associated with the H-mode near the separatrix, can destabilize this class of rapidly
growing resistive ballooning modes. It is found that since these modes are stabilized by increasing
plasma pressure (0), the possibility of a second stable window for the resistive ballooning modes exists.

1. INTRODUCTION;

It is well known that access to the second ballooning stable regime can be improved by

appropriate shaping of the flux surfaces,e.g. by positioning an x-point on the small major

radius side [ l ] . In this case direct access to second stability has been shown to be possible,

forming the basis of a hypothesis for explaining the L to H mode transition [2].

Analytic formulations of the resistive ballooning problem, based on the standard A' match-

ing procedure, have been made by several authors [3 — 6]. Inherent in this asymptotic

matching procedure is an assumption that the growth rate of the mode (7) is much less

than the sound frequency (7,) . However, under certain conditions, such as those which

occur near the separatrix in H-mode discharges. 7 > 7 , can occur. Then a new class

of modes exists [7], whose growth rate is not related to A': we shall call these electro-

static ballooning modes. Hahm and Diamond have analytically studied their properties for

a double null separatrix geometry [8] and show that nonlinearly the large shear near the

separatrix greatly reduces the turbulent thermal conductivity due to electrostatic balloon-

ing modes - this mechanism has been advanced as an alternate explanation of the H-mode

transition to that proposed by Bishop [2].

In this paper we will extend some of the resistive ballooning studies described above by

solving the full resistive MHD ballooning equations and put special emphasis on effects

of the separatrix geometry.

41



42 GRASSIE et al.

2. MODEL EQUATIONS:

To elucidate the generic features of resistive ballooning stability in separatrix geometry we

use the local equilibrium presented in [9]. The shape of the flux surfaces is given by the

expression

(1) k2 = r2(vTTifc - 1)2(4 + r2[vTTik - l]2 - 4rcos (S - 5)[vTTfc - 1])

where 8 is the location of the x-point and k determines how distorted the flux surface is;

k—Q is a circle and k—\ is the separatrix. Here r is normalized to its value ro opposite

the separatrix (9 — 6 + 180°). In the following the separatrix location will be fixed to

6 = 3ir/4 - corresponding to typical values of existing tokamaks. Specifying the poloidal

field (b) on the flux surface the various equilibrium terms such as curvature occurringin

the ballooning equations can be calculated explicitly for this geometry by an inverse aspect

ratio expansion. Using the form of the resistive ballooning equations given in Refs. [3,6]

the resulting equations for this equilibrium model are

and

b d

<>

Here th« growth rate ~t is normalized to the Alfven frequency i u = •0Po/(ro-v/p) )with p the

mass density: 7, is the sound frequency normalized to *JA- i l = FPO/BQ with BQ and Fo

the magnetic field and pressure on the flux surface, respectively; qc is the cylindrical safety

factor; 5 ; the magnetic Reynolds number, is the ratio of the resistive to Alfven transit time

(S = TR/T^)>with TR = ro/f7o,r/o being the resistivity on the flux surface. The curvature

term 'aK' is controlled by the pressure gradient parameter

All remaining quantities h,b,K,P,L,W,D and the edge current density parameter A are

defined in Refs [2.10], The appearance of the parameter 0Q in the expression for P should

be noted. This is a free parameter (0 < 0O < 2TT) over which the growth rate (7) must be

maximized.
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FIG. 1. Growth rate y versus a for A'- and electrostatic modes (solid lines). Overstable solutions are
represented by long dashed lines. Vie short dashed curve corresponds to results of the dispersion rela-
tion for electrostatic modes. Parameter values: n2/S = 5 X JO'5, y* = 2.5 X 10~s, A = 0.8,
80 = -I, 6 = 3tc/4, k = 0.82, andqc = 2.5.

3. SEPARATRDC RESULTS:

The dependence of the growth rate 7 on the pressure gradient parameter a is shown in

Fig. 1 for A = 0.8,k = 0.82,Bo = -1.0,6 = 3?r/4,qc = 2.5, and -y* = 2.5 X 10~3 . Two

distinct branches can be seen: the 'inverted U" curve closely parallels the corresponding

ideal branch and is represented by the A'-theory. The other branch corresponds to a

class of electrostatic modes. Whereas the A'-branch has a second stable regime, we find

electrostatic modes are not stabilized when a is increased. For the A'-branch ('inverted U')

overstable roots occur at smaller growth rates. This behaviour is predicted by the general

form of the A'-criterion for resistive ballooning modes [4] and is numerically verified as can

be seen by the overstable A'-branches (long-dashed lines) joining the 'inverted U curve'

(Fig. 1). Note that Fig. 1 remains qualitatively unchanged in the s — a-limit (k —> 0) [10].

For the electrostatic modes we see that instability persists in the second ideally stable

regime. The dispersion relation derived for the electrostatic modes in Ref. [7] is only

applicable in the a — a limit. We may. however, generalize the analysis to the separatrix

equilibrium under consideration. To do this we make an expansion in inverse powers of

P/b. The result is

(4)

with

(5)

25

A =
\{hg2/b) (h/b) - (2hgcos6/b)i

(hb) (h/b)
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FIG. 2. Pressure gradient parameter a versus k for fixed growth rates of y = 3 x 10'2 (cross-
dashed line), 2 x I0~2 (solid lines), J0~2 (short dashed line) and 5 x IO'3 (dot-dashed line).

and

(6) < x > = — / xdd

The short dashed curve in Fig. 1 represents results from this dispersion relation, which are

in good agreement with the numerical calculations.

A convenient way of representing these results is to plot growth rate contours in the a — k

plane. Fig. 2 shows such a plot for purely growing modes at n2/S = 5 x l O " 5 , ^ =

3 x 10~3,9e = 2.5. So = - 1 . and S = Zir/4. The T = 2 x 10~2 contour, which closely

parallels the ideal marginal contour, is related to the A'-branch. The remaining 7-contours,

which remain unstable in the second regime, are electrostatic resistive ballooning modes.

For large k the contours turn up sharply. This behaviour is not reproduced by the dispersion

relation since in this region of parameter space the assumption of slow variation of Pjb

over one field period is no longer valid. The gaps in the curves of Fig. 2 are related to the

A' and electrostatic branches becoming degenerate at the points where they cross. In the

a — i-plane this degeneracy manifests itself through the joining of the A'- and electrostatic

branches. We have not examined the continuity of the branches in this degenerate region

in detail and hence leave the small gaps. It can be seen from. Fig. 2 that the electrostatic

modes remain unstable in the region of k ~ 1.0 where complete stability to the ideal modes

occurs. This suggests that transport from the electrostatic ballooning modes may play a

role in the H-mode [8].
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FIG. 3. Growth rate y versus /3 for a = 0.665. Other parameters: k = 0.94, n IS = 5 X 10':

A =0.8, qc = 2.5, and 5 = 3-K/4.

An important feature of ideal ballooning modes in Bishops' L-H transition model [2] is that

the point where the first and second regimes coalesce moves to smaller k values as the

current density near the separatrix (A) increases. From Eq. (4). however, it is evident that

we do not expect a strong dependence on A for the electrostatic modes. This is confirmed

by our numerical results.

As discussed in the introduction it is the relatively high pressure gradients and low /?

(and therefore 7a) values near the spearatrix in the H-mode which favours the growth of

the electrostatic modes. By raising the /3-values near the separatrix we can stabilize the

electrostatic ballooning modes. This is shown in Fig. 3 for k — 0.94, n2/S = 5x 10~6 , A =

0.8, qe = 2.5, S = 3TT/4 and a = 0.665. The stabilizing effect of p is evident in Fig. 3

but for realistic H-mode parameters it is not expected that this effect will stabilize the

electrostatic modes in the vicinity of the separatrix. In principle, however, electrostatic

modes can be stabilized by large 0. whereas A'-modes remain relatively unaffected. This

provides us with the possibility of achieving a second stable window in the region where

the A'-mode is already stabilized and the electrostatic mode is not yet unstable.

4. CONCLUSIONS:

The properties of the resistive ballooning modes have been studied for a class of local

separatrix equilibria. Two distinct branches of the resistive ballooning mode have been

identified. Analytically these branches are distinguished by the assumed ordering between

the growth rate (-7) and sound frequency (7,). If 7 , » 7 is assumed then ballooning modes

driven by free energy (A') from the ideal region occur. In the alternate limit (7 3> 7,)

electrostatic resistive ballooning modes occur. Numerically, in the regime 7 ~ 7,, we find

that both branches can co-exist.

Near the separatrix in the H-mode the high pressure gradients and relatively low pressure

lead to the regime 7 > 7 , and thus the electrostatic modes are important. On the basis of

2-D ASDEX separatrix equilibria we checked that electrostatic modes can. at sufficiently
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small pressure values, exceed the A ' mode in growth rate. Furthermore, using published

values of temperature and density gradients for D-lll-D [11] for example^we find that the

region 7 > 7 , extends across the entire high gradient edge region. For the A'-driven and

ideal modes the regions of instability (and growth rates) are sensitive to the edge current

density (A), whereas the dependence on A for electrostatic modes is weak.

We have particularized to the ASDEX separatrix location here (6 = 3?r/4); we find, how-

ever, that increasing 6 can have a stabilizing influence in the large-fc coalescence region.

In contrast to the A'-modes electrostatic modes are not stabilized if a is increased. The

only possibility for a 2nd stable regime to exist is therefore at large values of /?. where the

threshold for instability of the electrostatic mode is shifted to large values of a and a stable

'window' between A ' - and electrostatic modes exists. Since most proposals for achieving

the second ideal stable regime in non-separatrix tokamaks [12] involve high /? (as well as

high a) we expect this window should exist in these cases.
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Abstract

INTERNAL KINK MODES IN TOKAMAKS.
The genera] theory of internal kink modes in tokamaks is discussed. Two different situations are

considered. When only one resonant surface exists in a plasma, an analytical kink mode dispersion equa-
tion is obtained, high plasma pressure effects being taken into account. This equation permits the internal
kink mode branches to be classified and the regions of their realization to be specified. As an example,
the stability boundary m = 2 of the toroidal tearing mode is presented. When more than one resonant
surface exists in a plasma, only the case of two surfaces q(a,) = q(a2) = 1 is considered. As in the
former situation, a kink mode dispersion equation is obtained, but the plasma pressure is supposed to
be not high. The roles of parallel plasma viscosity, trapped particles and drift effects in the kink modes
dynamics are discussed.

1. INTRODUCTION

The MHD theory of internal kink modes is based on the use of a dispersion
equation that is obtained by matching the solutions in the ideal and inertia resistive
regions [1, 2]. This dispersion equation will take the form AR = A, if only one
resonant (rational) surface exists in a plasma, the poloidal harmonic with
wavenumber m = mo being singular on this surface. Here, AR and At are the
parameters to be determined from the inertia resistive and ideal regions, respectively.
We obtain an analytical expression for AR in a high pressure plasma, taking into
account plasma pressure effects up to 0* parallel plasma viscosity and drift effects.
For mo = 1, we calculate A] with trapped particles effects for a low pressure
plasma in the banana regime. For mo > 2, we consider a tokamak with a parabolic
parallel current profile and obtain an exact analytical expression for Ab up to an
accuracy of j3p. If several resonant surfaces exist in the plasma, the dispersion equa-
tion will be more complicated than that mentioned above, because of the interaction
between the different singular harmonics. The interaction between the (mo = 1,
n = 1) and (mo = 2, n = 1) singular harmonics was studied in Ref. [3]. In the
present paper, the case of a hollow current profile is considered, when the (mo = 1,
n = 1) harmonic is singular on two different resonant surfaces. As in Ref. [3],
effects of /3p are taken into account.
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2. GENERAL EXPRESSION FOR AR

To determine AR, the equation for a perturbed radial plasma displacement in
the inertia resistive region should be solved. Having derived this equation by using
the results of Refs [4, 5], it is found that it has a solution in terms of the Kummer
functions. The general expression for AR is obtained as a result of an asymptotic
expansion of the solution [5]. We note that the equation mentioned has the form of
Eq. (70) of Ref. [6], but its analytical solution has not been found previously.

3. A, FOR THE m = 1 MODE IN A LOW PRESSURE PLASMA IN THE
BANANA REGIME

In a low pressure plasma, the parameter A, is related to the potential energy of
the perturbations 5W by A, ~ 1/5W. According to Ref. [7], in the banana regime,
SW = <5W° + 5W'. Here, 5W° is the MHD part of the potential energy [8], and
<5W! is associated with the contribution from the trapped particles. The calculations
of 5W1 are given in Ref. [7].

4. A, FOR m > 2 MODES

The equation for the radial plasma displacement, £(a), in a high pressure toka-
mak plasma with parabolic current profile and /3p = const was derived in Ref. [9].
This equation has an exact analytical solution in terms of the hypergeometric func-
tions, its asymptotic form for x = (a-a^/ao — 0 (ao is the resonant surface radius)
being £(x) ~ (|x|-(1+s) + (A72)|x|s) sgn(x), where s is the Mercier index [10].
The expression for A' is rather cumbersome and will be presented elsewhere. Using
the relation [4] AT = r2(l+s)cos2(Trs/2)A'/Trml+2s, we obtain A,.

5. m = 1, n = 1 MODE IN A TOKAMAK WITH HOLLOW
CURRENT PROFILE

Hollow current profiles with two resonant surfaces q(aO = q(a2) = 1 are con-
sidered to be typical of tokamaks [11, 12]. The kink mode dispersion equation for
this case has been derived in Ref. [13]. Such a situation was also investigated in
Ref. [14] in zero resistivity approximation. If we simplify the expressions of
Ref. [14] (in particular, Eq. (A.16)ofRef. [14] implies a = c-e), we recognize that
the dispersion equation of Ref. [14] coincides with the dispersion equation of
Ref. [13] in the ideal limit.
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FIG. 1. Internal kink mode branches: I — ideal kink mode, y = - u^/A;; 2 — resistive kink mode,
y ~ eR oiA; 3 — tearing mode (or reconnecting mode in case m = 1), y <= eR

/5uAAf/s; 4 — toroi-
dal tearing mode, y » e ^ W A / ; 5 — gravitational resistive mode, y = eR

3uA. oiA is the Alfven fre-
quency, eR = yR/o>A, yR = n2q2/a0 a2 is the inverse resistive time; H = e2f3p/S, e is the inverse aspect
ratio, and A, is calculated according to Sections 3 and 4.

6. RESULTS

From the general expression for AR, we find that, with the quantity A] calcu-
lated once, a number of kink mode branches is realized in a plasma. This is illustrated
in Fig. 1. The first three branches were studied earlier in the framework of a cylindri-
cal geometry [1, 2]. The toroidal effects result in an infinite set of resistive kink
mode levels. The fourth branch, the toroidal tearing mode, is characteristic of toka-
maks; it is not realized in a cylinder. The transition to this mode was considered, in
Ref. [10], to be the stabilization criterion for the tearing mode (remember that modes
with m > 1 were studied in Ref. [10]). We note that the growth rate of the toroidal
tearing mode may be substantial, y > yR, so that it plays an important role in the
tokamak plasma dynamics. The fifth branch, the gravitational resistive mode, is
analogous to resistive interchanges [10]. Such as the resistive kink mode it has an
infinite set of levels. The instability condition for the ground level is H + s < 0;
for higher levels, it is (H + s)(H - s - 1) = 0 (the parameter H is defined in
Ref. [10]). Thus, the criterion DR > 0 [10] is valid for higher levels only.

One may investigate all the branches mentioned, taking viscosity and drift
effects into account. This study was conducted in Ref. [15]. Although these effects
result in some new unstable branches, they are mainly stabilizing.
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FIG. 2. Stability boundary of m = 2 toroidal tearing mode. 1 — region of stability, 2 — region of
instability, S — magnetic shear, pp — poloidal beta, e — inverse aspect ratio.

Calculating the parameter Alt one finds the regions of existence of different
branches. The calculations of the ideal and toroidal tearing modes stability bound-
aries (5W = 0 and A' = 0, respectively) are most interesting. The ideal m = 1
mode stability boundary was determined in Ref. [7]. The trapped particles were
shown to stabilize modes localized near the tokamak axis. The toroidal m = 2 tearing
mode stability boundary is presented in Fig. 2. We note that the growth rate of this
mode approximately equals 7R for A, « H1'2. Thus, the stability region is really
wider than that demonstrated in Fig. 2. Evidently, the flattening of the q-profile near
the resonant surface stabilizes the instability.

Analysing the dispersion equation for two resonant surfaces we find that the
ideal kink modes will be unstable. This instability may occur at arbitrary plasma pres-
sure. It is, however, suppressed by trapped particles in the banana regime. This
stabilizing effect is important for /3p « 1 [13].
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Abstract

NEOCLASSICAL MHD DESCRIPTIONS OF TOKAMAK PLASMAS.
Considerable progress has been made in extending neoclassical MHD theory and in exploring the

linear instabilities, non-linear behaviour and turbulence models it implies for tokamak plasmas. The
areas highlighted in the paper include: (1) extension of the neoclassical MHD equations to include tem-
perature gradient and heat flow effects; (2) the free energy and entropy evolution implied by this more
complete description; (3) a proper ballooning mode formalism analysis of the linear instabilities; (4) a
new rippling mode type instability; (5) numerical simulation of the linear instabilities which exhibit a
smooth transition from resistive ballooning modes at high collisionality to neoclassical MHD modes at
low collisionality; (6) numerical simulation of the non-linear growth of a single helicity tearing mode;
and (7) a Direct Interaction Approximation model of neoclassical MHD turbulence and the anomalous
transport it induces which substantially improves upon previous mixing length model estimates.

1. INTRODUCTION

This paper highlights the continued development of neoclassical MHD theory
[1]. This theory extends the reduced form of resistive MHD theory [2], which is well
known and has been experimentally quite successful (e.g. [3]), from the high colli-
sionality (Pfirsch-Schliiter) regime to the low collisionality (banana plateau) or long
mean free path (X > Roq) regime relevant for the present generation of tokamak
experiments. The principal physical effect added in neoclassical MHD theory is the
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2 Permanent address: Universidad Complutense, Madrid, Spain.
3 Also: General Atomics, San Diego, CA, USA.
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viscous damping force [4] on poloidal flows in the tokamak plasma, which is some-
times called magnetic pumping [5] and can be comparable to the collisional friction
force (plasma resistivity) in the banana collisionality regime. The main features of
neoclassical MHD as compared with resistive MHD are: (1) its equilibrium limit
reproduces neoclassical transport theory [6, 7], including the trapped particle effects
on the electrical conductivity and the bootstrap current that are apparently now being
observed experimentally [8]; (2) transient perturbations cause non-ambipolar radial
fluxes [9] whose charge imbalances are subjected to a radial dielectric constant given
by 1 + 4irnmc2/B2,; and (3) neoclassical MHD instabilities [1] are more robust than
their resistive MHD counterparts [10] since they have larger radial extents and com-
parable growth rates and do not require 'bad curvature' or A' > 0 to be unstable.
The remainder of this brief paper highlights current reports and progress in neoclassi-
cal MHD theory since it was first comprehensibly set forth at the conference in Kyoto
in 1986 [1].

2. NEOCLASSICAL MHD EXTENSIONS

There were a number of areas (e.g. closure relations, viscosity coefficients,
temperature gradient and heat flow effects) that were addressed incompletely or not
at all in Ref. [1], which set forth the neoclassical MHD equations and theory.
Progress has been made in making neoclassical MHD theory more rigorous and com-
plete as follows. The limits of validity of the closure relation Pn - p x ~ /*V- V In B
proposed in Ref. [1] have been partially clarified. The fact that the v2 - \\I2 or P2

moment of the distribution function is driven by the lower order P, flows has been
explicitly demonstrated [11]. The local (i.e. unaveraged) parallel viscous force
B- V -II|| derived from the closure relation proposed in Ref. [1] has been found to
be asymptotically correct in the Pfirsch-Schliiter regime, correct to lowest order in
e (= r/Ro, the inverse aspect ratio) in the plateau regime and only approximately
correct to order V7 in the banana regime. However, it yields the correct [7] flux
surface average parallel viscous force (B- V - HM> = mn/i(B2) Us in all collisionality
regimes. Thus, it seems justifiable to use the simple closure relation proposed in
Ref. [1] for most purposes.

The viscous damping frequency /J. was specified for electrons and ions in
Ref. [1] only for a Z = 1 (proton-electron) plasma. (The formulas given were incor-
rectly attributed to Ref. [7]; in fact these particular formulas were inferred from the
results of kinetic neoclassical transport theory [6].) Multiple collisionality regime for-
mulas for the viscous damping coefficients for arbitrary Z but small e were first given
by Hirshman [6, 12]. Recently, comprehensive formulas extending those results to
arbitrary aspect ratio have been developed [13]. Also, the relatively minor boundary
layer effects in the banana collisionality regime are being taken into account [14].

The original neoclassical MHD theory [1] neglected temperature gradient and
heat flow effects. These effects have now been considered through a moment descrip-
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tion [7] that for consistency takes account [15] of 18 fluid moments of the distribution
function: density n, temperature T (P0-like moments); flow V and heat flow q
(P,-like moments); viscous stress II and heat stress G (P2-like moments). Regular
neoclassical MHD theory provides time evolution equations for n, \h> V± i and the
poloidal magnetic flux ip (through Ohm's law) and thus could be called a four moment
approach. The extended neoclassical MHD equations [15] add evolution equations
for Te, Tj, qx i , qOj and q±e and thus could be called an 11 moment approach. (qie

is taken as its equilibrium value, which is valid for u> < ve.) The complete set of
neoclassical MHD equations are valid on time-scales d/dt ~ w < ve and in all colli-
sionality regimes. ('Dynamic viscosity' coefficients [16] are required for ions if
w s »v) This complete set of equations generalizes the 'Braginskii equations' [17]
in the sense that the effects of time dependent heat flows (dq/3t), and parallel and
gyroviscous stress and heat stress tensors (II|iX; 0n,x) are included systematically.
Finite Larmor radius (FLR) effects are included through the gyroviscous stress force
(V -IIx) in the momentum balance and the 'gyro-' heat stress force (V -Ox) in the
heat flow balance. The complete set of equations, while too complicated for many
purposes, provides a basis for developing an entropy balance equation and addressing
other comprehensive questions about neoclassical MHD theory.

3. FREE ENERGY AND ENTROPY BALANCE

The flow (u0 = V, U[ = -2q/5nT) and stress (II, 0) distortions of the parti-
cle distribution function are all first order quantities (~8~p/l) in the small
gyroradius or FLR expansion. If these distortions are taken into account, the colli-
sional fluid entropy S = j d3v f In f can be written as

r (m v / 2 iS = So + 62S2 + ..., So = - n In | n ( i r ^ ) | + — n,

c nug 5 nu?

in which vT = V2T/m is the thermal velocity. (Small 11:11, 9 :9 terms have been
neglected.) The plasma free energy [18] F = E — TS in a collisional, stable plasma
can be shown to be due predominantly to the toroidal ion heat flow (qf,) induced by
the radial ion temperature gradient (dT/dr). For collisional fluid instabilities whose
radial extent is smaller than the ion banana width (~ piq/Ve^ ~ 4pj) this flow free
energy source is larger than the usually considered expansion free energy (e.g.
[18, 19]). The flow free energy implies [18] a maximum fluctuation level of
e<£/T < V7 (B/BoXk"1 d In Ti/dr), which is notable because: (1) it is larger than
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the expansion free energy estimates; (2) it depends on the ion temperature gradient;
and (3) it is inversely proportional to the poloidal magnetic field strength Bs.

The second order (~ 52) entropy balance equation derived from the entire set
of neoclassical MHD equations in the 18 moment description is given by [15]

9 S V - J s = $s (2)
at

where Js = SV + q/T - (UQ-II + u,-0)/T is the entropy flux and the dissipation
rate is

T$ s = - (u o -F o + VUQIII + upF, + Vu,:e) (3)

in which Fo = { d3v mv C(f) and F t s j d3v mv (5/2 - mv2/2T) C(f) are the fric-
tion and heat friction forces. In neoclassical MHD the irreversible entropy production
rate <i>s is due to both flow against frictional forces (u-F) and viscous dissipation
(VUo:II, VUpG). (The gyroviscous stress tensors IIX, 9 X are dissipationless and
do not contribute to $s.) This entropy production rate reduces to the usual thermo-
dynamic force (Vn, etc.), flux (F = — DVn + ...) form [6] after the poloidal ion
flows have damped to their equilibrium values (t > I/AM). However, it is different
from and can exceed that rate for shorter time-scale processes.

4. BALLOONING MODE FORMALISM

Approximate flux surface averaging procedures were used in the original work
on the pressure gradient driven neoclassical MHD linear instabilities [16, 20] because
only the flux surface averaged parallel viscous force <B- V -IIn) was available then.
A formal multiple length scale analysis has now been performed [21] using the bal-
looning mode formalism and the local form for B- V -HM given in Ref. [1] for these
modes, which extend along magnetic field lines many times around the device. The
neoclassical MHD effects (enhanced polarization drift, fluctuating bootstrap current,
parallel flow damping) enter predominantly within the dissipative singular layer near
the rational surface (z > 1 in ballooning space). The resultant eigenmode and eigen-
value equations permit an analytic investigation of the smooth transition from the
resistive ballooning mode in the Pfirsch-Schliiter regime to the pressure gradient
driven neoclassical MHD instabilities [16, 20] in the banana plateau collisionality
regime. Also, a new neoclassical MHD instability is found [21] for weak shear
s = r d In q/dr ~ e with a growth rate 7 ~ l/~J~pe.

5. RIPPLING TYPE NEOCLASSICAL MHD INSTABILITIES

Resistive MHD rippling mode instabilities [10] are driven by the electrical con-
ductivity (or resistivity) gradient caused, via the Spitzer conductivity, by the electron
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temperature gradient source of free energy. They thus involve localized temperature
perturbations. While they are affected by parallel electron heat diffusion, they are not
stabilized by it (cf. [22]). In neoclassical MHD the electrical conductivity depends
on the density as well, through the collisionality dependence of the trapped particle
conductivity reduction effect [6, 7, 13]. This new instability has been studied in some
detail [23]. It has its largest growth rate near J>* ~ 1, where the density dependence
of the neoclassical electrical conductivity is largest. The turbulence induced by these
modes has also been investigated — see Section 9 below.

6. SIMULATION OF PRESSURE GRADIENT DRIVEN INSTABILITIES

The linearized neoclassical MHD equations have been solved numerically [24]
in a three dimensional, large aspect ratio, initial value code to investigate the transi-
tion from the resistive ballooning modes in the Pfirsch-Schluter regime {)ijve —• 0)

10"

10"

RESISTIVE
REGIME

NEOCLASSICAL
REGIME

, < ; > ' •

PRESSURE GRADIENT - CURVATURE
DRIVE PRESENT
PRESSURE GRADIENT - CURVATURE
DRIVE ABSENT
ANALYTIC (ue/ve)

1/3 SCALING

10"' 10" 10u

FIG. 1. Growth rate (in units of the poloidal Alfven time rHp = R^A) versus the neoclassical vis-
cosity parameter fie/vc in the resistive ballooning and neoclassical MHD regimes with (solid line) and
without (dashed line) pressure gradient curvature drive in the V x evolution equation. Here n = 6,
&0 = 0.087, S = 105, e0 = 0.25, incompressible.
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to the pressure gradient driven neoclassical MHD instabilities [1] in the banana
plateau regime. As shown in Fig. 1, the neoclassical MHD mode is found to be pre-
dominant in the banana plateau collisionality regime (nJve ~ V7/(l + v*) > e2)
and it has a higher growth rate there. Also, it exists [1, 16, 20] in the absence of the
usual magnetic field curvature drive (cf. Fig. 1), is apparently not strongly affected
by compressibility effects [24], and has a larger radial mode width [1, 24], by a factor
of order (B/Bs)

2/3. The scalings of the growth rate of the neoclassical MHD instabil-
ity with respect to j8 (= 2/iOp/B2), n (toroidal mode number) and fie (electron vis-
cous damping frequency) are found to be within a factor of 2 of the simplest analytic
predictions [1, 16, 20]. The main conclusion of this work [24] is that the neoclassical
MHD pressure gradient driven instability seems to be more virulent than the resistive
ballooning instability and appears to be resilient against many of the mechanisms,
such as compressibility, that tend to stabilize the resistive ballooning modes. Also,
the neoclassical MHD instabilities are dominant in the banana collisionality regime
of interest in present high temperature tokamak plasmas.

7. NON-LINEAR DYNAMICS OF SINGLE HELICITY TEARING
INSTABILITIES

The non-linear dynamics of single helicity (e.g. m/n = 2/1) neoclassical MHD
tearing instabilities has been examined [25] using a non-linear, three dimensional
time evolution code in cylindrical geometry. Significant alterations of the usual resis-
tive MHD tearing modes are observed, particularly as \ijv<. approaches unity
(banana collisionality regime). As indicated in Fig. 2, the neoclassical MHD tearing
instabilities have increased saturated island widths, which are determined by a combi-
nation of A' and p.Jvt. The threshold for tearing instability is no longer solely
related to the sign of A'; unstable cases are found for negative A' [25]. For small
/xe/pe where island widths are not a sizeable fraction of the resonant q = m/n radius,
the numerical results compare well with analytic calculations [26, 27]. The agree-
ment is best when parallel diffusion is included in the density evolution equation so
that the density profile is flattened in the island region as is assumed in the analytic
models. As fijp^ is increased to a point where the island width becomes a sizeable
fraction of the resonant surface radius, the numerical results begin to depart from the
analytic predictions, as might be expected. The numerical island widths are smaller
than would be obtained from the analytic analysis in this regime. However, they are
still substantially larger than those for the nJve = 0 case. The main conclusions of
this work [25] are that the neoclassical MHD effects substantially modify the linear
and non-linear evolution of low mode number single helicity tearing modes. Also,
the saturated island widths are increased substantially as ixjve approaches unity
(banana collisionality regime) for all cases except possibly those with large aA'
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FIG. 2. Saturated island width W versus the resistive tearing mode parameter A<J = aA'(W - 0),
which is varied by changing the central value q(O) of the safety factor profile q(r) = q(O)

•e = 0.6, S = 10s, Po = 0.02, e0 = 0.25.x [1 + (r/rfx]lfK with X = 7.5. Here

8. PRESSURE GRADIENT DRIVEN NEOCLASSICAL MHD TURBULENCE

The non-linear evolution, saturation and anomalous transport induced by
neoclassical MHD instabilities (Sections 4 and 6 above) driven by the free energy
associated with the radial pressure gradient via fluctuating bootstrap current have
been investigated [28]. The non-linear saturation is attained through an energy trans-
fer from the low mode number source to a high mode number dissipation range. (In
contrast to the resistive-g instabilities, these modes are stable for k« > kr [28].) This
energy cascade is mediated by non-linear three wave couplings. The problem is
treated with a renormalization approach using the Direct Interaction Approximation.
The basic E x Bo non-linearity is renormalized to yield the radial diffusion in terms
of the fluctuation spectrum. This diffusion coefficient is treated as an eigenvalue in
the solution of the renormalized equations [29].
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The basic scalings of the fluctuation amplitude and pressure diffusion coeffi-
cients [28] are nearly the same as given by mixing length estimates [1]

p ~ 5,(dpo/dr) A7'6, Dp ~ y,,52A2 ( 4 )

where 7^, 5̂ , are the linear growth rate and singular layer width [1]. The enhance-
ment factor A arises from the eigenvalue of the renormalized equation and is here
given by

A2 = 3Ae - 1 + 2 [Ae(2Ae - I)]"2, Ae = 1 + ajj^ (5)

The non-linear radial mode width for pressure fluctuations p (5p ~ S^A7'6) is larger
than that for potential fluctuations 4> (^ ~ 5MA"6) because p is a passive scalar
while 4> reacts to the E x B convection through the vorticity equation. These results
are very similar to those obtained for resistive-g instabilities [29], whose structure
is quite similar.

The electron heat transport induced by the 'magnetic flutter' associated with this
turbulence has also been investigated [28], An important effect that must be taken into
account [30] is the fact that the radial correlation length for the magnetic fluctuations
B is different from that for the electrostatic fluctuations 4>. The estimated anomalous
electron heat diffusivity caused by these pressure gradient driven neoclassical MHD
instabilities is [28]

Xe ~ 4.6 X 10"2 vTeLs (j- ft,) ( ^ ~ ^ ) 4T5'3 S-2'3 A7'3 (6)

This result differs from the previous mixing length estimate [1], which was based on
the original Carreras-Diamond calculation [31] where the difference in B and 4> scale
lengths was neglected. This new result is larger, is more comparable to experimental
results, and depends less strongly on many parameters. Nonetheless, it still depends
rather strongly on Be(\t ~ Be~

4'3), in reasonable accord with JET experimental
results [32] which imply x ~ I ~' ~ IV' • Note that Xe/Dp > 1 for this turbulence
[1, 28]; this also is in accord with the JET measurements which indicate [33]
Xe/D ~ 7.

9. NEOCLASSICAL RESISTIVITY GRADIENT DRIVEN TURBULENCE

As discussed above in Section 5, density perturbations can cause changes in the
neoclassical conductivity for vl ~ 1 and lead to a new rippling mode type of
neoclassical MHD instability. The non-linear evolution, saturation and transport for
these modes have also been investigated [23]. The analysis shows that electron
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temperature fluctuations should be much smaller (by a factor ~ (me/mi)l/3 ~ 10"')
than density fluctuations and that both should be quite different from potential fluctu-
ations. Thus, in agreement with TEXT experiments on edge plasmas [34], these fluc-
tuations do not obey a Boltzmann relation, i.e. e<£/Te ^ n/n. The turbulence-
induced anomalous diffusivities [23] for electron density and temperature are differ-
ent from mixing length estimates both qualitatively and quantitatively. However, they
are similar to those obtained for ordinary resistive MHD rippling modes [22]. The
'magnetic flutter' transport induced by resistivity gradient driven turbulence is
negligible [23].

10. SUMMARY

As summarized in the preceding sections, neoclassical MHD theory has become
considerably more detailed and complete over the past two years. At present,
neoclassical MHD models have been developed for various parts of tokamak plasma
discharge behaviour as follows: tearing type instabilities (Section 7) — Mirnov oscil-
lations, disruptions, etc.; pressure gradient driven turbulence (Section 8) —
anomalous transport in the confinement region of the plasma; resistivity gradient
driven turbulence (Section 9) — edge turbulence and transport. A number of salient
features of these models (e.g. xe ~ B8~', xJ&p > 1, n/n ^ e<£/Te, edge fluctuation
and anomalous transport levels) seem to correlate reasonably well with tokamak
experimental results; this encourages the continued development of neoclassical
MHD descriptions for tokamak plasmas.
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Abstract

EFFECT OF SHAPING ON THE EQUILIBRIUM AND STABILITY OF HIGH CURRENT, HIGH
BETA TOKAMAKS.

The effect of cross-sectional shaping on the equilibrium and stability of high current, high beta
tokamaks is examined for geometry relevant to both ITER and CIT. Two different approaches to stabi-
lity analysis are taken. In the first, optimum pressure and current profiles are found that maximize the
achievable beta in a given geometry. In the second, a survey of the stability of a large set of equilibria
covering the relevant operating space is analyzed. It is found that, as elongation is increased
above 2, g = j6c"'(%)a(m)BT(T)/I(MA) decreases. However, higher values of beta can still be attained
for 2 < K < 2.5, owing to the increased current carrying capacity. Triangularity is found to have only
a modest effect on g. Higher triangularities, while more ballooning stable, tend to be more kink unsta-
ble. Finally, the problem of designing the poloidal field shaping coils necessary to obtain these highly
shaped equilibria is addressed. Results show that, with increasing poloidal field coil distance and with
more strongly shaped plasma cross-section, plasma equilibria become much less robust. Consequently,
increasingly severe control problems may arise.
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1. INTRODUCTION

The choice of plasma current has a major impact on the machine
parameters of the International Thermonuclear Experimental Reactor (TTER) and
the Compact Ignition Tokamak[l] (CIT), since confinement is increased at
higher lp. Increasing the elongation and lowering the edge safety factor are two
of the obvious routes to reaching higher current. Here we examine possible
MHD equilibrium and stability limits of highly shaped, high current tokamaks.
While /? limits are well described by Troyon-Gruber[2] scaling

(B cru(%) < g / (AM) , g = 2.5 -» 3.5), it is well known that g depends on the
a(m)Bi<J)

specifics of plasma shape and safety factor[3,4]. Since the number of
parameters required to specify an equilibrium is large, a complete description of
the fi limit is elusive, and here we examine questions specific to ITER and CIT.
Obtaining these highly shaped equilibria may be difficult in practice. The
problem of whether an elongated plasma can be created and maintained with a
given poloidal field coil system is addressed.

Stability using optimum pressure and current profiles is discussed in
Section 2. A survey of the stability of a large data base of equilibria covering the
range of interest is presented in Section 3. Section 4 deals with the problem of
obtaining these highly shaped equilibria with given poloidal field coils.

2. STABILITY WITH OPTIMUM PROFILES

One standard for comparing beta limits in different geometries is to find
the optimum pressure profile and optimum current profile that maximize beta in
each case. The types of stability considered are n = °° ballooning modes and n
= 1 kink modes with the conducting wall at infinity.

The optimum p' profile is determined from the marginally stable solution
to the ballooning equation on each surface. In addition, p' is forced to go to zero
at the plasma edge in the last 20% of the flux surfaces. This lowers the value of
g for ballooning from ~ 4.5, for p' optimized over all surfaces, to g ~ 3.4. The
equilibrium is iterated until the optimized profile converges and this point
determines the ballooning mode beta limit. The form of the pressure profile is
then fixed and the peak pressure is lowered until the marginally stable point for
n = 1 instabilities as determined by PEST II[5] is found.
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In finding the optimum current profile, it helps to specify the current
profiles directly. This avoids the problem of unrealistic current profiles at high
beta that often occurs when the traditional g(\|/) or q(\|/) profiles are used and
allows tailoring the current profile near the plasma edge which is important for
kink stability. The form of the profile used is <J»B>/<B»V<))>(v) = (1 -
\|/«i)a2, where a i is chosen to specify the general class of shapes and 0:2 is
varied to give a safety factor on axis of qo ~ 1.01 - 1.04.

Current profile shapes vary from nearly parabolic (for a i = 2.0) to more
centrally peaked with more current density near the edge (ai = 0.6). For the
parabolic shaped current profiles, /J is usually limited by ballooning modes with
g ~ 3.0. This is due to a large region of low shear in the center. However,
when qedge is l°w> kinks modes associated with the q = 2.0 and 3.0 rational
surfaces are often more unstable. For profiles with a higher current density near
the edge, j3 is limited by kink modes alone. Highly unstable regions appear
when qedge approaches a rational surface from below. The optimum current
profile is one that balances ballooning and kink stability. It does not have a large
current density at the edge, for kink stability, yet it still has sufficient shear in the
center for ballooning stability.

Plasma shapes with a range of triangularities, 8 = 0.1,0.3, 0.5,and
elongations, K = 1.6 - 2.5, were examined for stability using the optimizing
method discussed above. For these cases, R = 1.6 m, a = 0.48, BT = 9.67 T.
Table I below summarizes the values of g for q^e = —3.3:

TABLE I. g - ballooning I g- kink

8

1.6

K 1.9
2.2

2.5

0.

3.3/
3.2/

2.8/
2.4/

1

3.3

3.1
2.8
2.2

0.

3.4/

3.3/

2.9/
2.6/

3

3.4

3.3

2.9
2.3

0.

3.4/
3.2/

2.8/
2.5/

5

2.6

3.1
>2.8
2.5

Cases where the value of g are not equal means the current profile is not quite
optimum. For fixed triangularity, as elongation increases g decreases.
Nevertheless, higher levels of beta can be attained at higher elongations as
illustrated in Fig. 1. The larger current at fixed qedge for higher elongations more
than compensates for the decrease in g for K < 2.5. For a fixed triangularity, the
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FIG. 1. Ballooning mode beta limits for near optimum profiles versus 1/aB for three elongations
K = 1.9, 2.2 and 2.5 affixed triangularity 5 = 0.5 for R = 1.6 m, a = 0.48, BT = 9.67 T.

parameter oci for the optimum current profile stays approximately constant as

elongation increases, with adjustments made to OC2 to keep qo ~ 1.0.
Ballooning stability in general improves as triangularity is increased.

However, low n kink modes are adversely affected by larger triangularity. As a
result, triangularity has only a modest effect on the beta limits of the combined
ballooning and kink modes, in the range 8 = 0.1 to 0.5. For increasing
triangularity a current profile that is less steep at the edge is required in order to
bring kink beta limits up to the value of ballooning beta limits. Though there is a
small gain in P due to the larger current carrying capacity at higher triangularities
this effect is lessened somewhat because the optimum current profile is more
peaked in the center.

3. STABILITY SURVEY

We have generated a broad base of equilibrium results, spanning a
sizeable range of the interesting configuration space: elongation = 1.6 -» 3.2,
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triangularity = 0 —> 1, aspect ratio = 2.5, 2.9, and 3.6, central safety factor q(0)
= 1.6, boundary safety factor <jy = 2.1 —> 4.5. These fixed-boundary equilibria
have been examined for both low-n (typically n = 1,2) and infinite-n (Mercier
and ballooning) stability. Low-n stability has been studied for wall at infinity in
the majority of cases, but also with a conducting wall at the plasma surface, and
for b/a = 1.5. Results of the stability survey suggest that attention be paid to
operation with higher than conventional elongation (K > 2), and to higher than
conventional triangularity (5 > 0.4).

To make efficient use of these results we have created a stability database
containing the results of- 12,000 stability evaluations for ITER parameters,
with 60-70 equilibrium and stability attributes recorded for each case. Profiles
for the study are of the form:

q(\\f) = q(0)

and /?is defined with respect to B-r, vac(Ro)- The fusion beta ft ~ •\jjp2dV is
about 10% larger than /} for optimal profiles, and the q profiles are characterized
by high shear at the edge.

Fixed boundary equilibrium and PEST 2[5] stability calculations
scanning elongation from 1.6 —» 3.2, with fixed triangularity (8 = 0.2 and 8 =
0.4), show that the optimum elongation for n = 1 stability lies in the range 2 < K
< 2.5. The optimum for large K(>2) is defined by external kinks, which we
have found to be stabilized by a close-fitting shell. Ballooning instability limits g
for K < 2, and the n = 2 limit is less stringent than the n = 1.

Results of the elongation study are shown in Fig. 2(a). For the cases
presented, q(0) = 1.05, and qv = 3.1. We have computed least squares fits to
the dependences on /J and g on K or 8. These are given in the form:

A least squares fit of the dependences
case 1.

and gcrit(ic) is given in Table II,
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FIG. 2. Geometric dependence of /3 limit.
(a) g versus K for A = 2.9, 5 = 0.4, q(0) = 1.05, q^ = 3.1. The ballooning and n = 1 limits are
shown for b = 0.4, and, separately, for 5 = 0.2;
(b) g versus 5 for K = 2 and 2.5. The ballooning and n = / limits are shown. Here, A =2.9,
q(0) = 1.05, and q^ = 3.1.
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Table II. Fit Coefficients

Description Case a0 &i %i b0 bi \>i

K = scan
5 = 0.4 1 -44.1 45.9 -9.90 -3.20 7.67 -2.19
5 = 0.2 -44.1 47.1 -10.8 1.58 2.58 -0.01

5 scan
K = 2. 2 5.76 2.91 0.51 2.36 0.26 -0.10
K = 2.5 5.33 17.3 -21.5 1.53 3.07 -.045

K scan
(5 = 0.4) 3 20.1 -16.1 3.99 17.3 -12.3 2.35

With fixed elongations (K = 2 and 2.5), scanning triangularity from 0 to
1, we find that the optimum 5 lies above 0.4 and increases with K. For q(0) =
1.05, and q^ = 3.1, the results are shown in Fig. 2(b). The pertinent least
squares fits are given in Table II, case 2.

In many cases, unstable and stable cases lie nearby, reflecting the
sensitivity of ideal MHD stability to subtle variations in shear and pressure
gradient. For example, cases with the same parameters as in Fig. 2(a), but with
q v = 3.6, show a strong minimum in the f} vs K curve at K = 2.3, and the
scaling is strongly modified. The fitting coefficients for this case are given in in
Table II, case 3. The operating space is found to be highly structured and local
strong minima are also found in the parametric dependences on 5 and qy, as well
as on elongation.

Reduction of the allowable safety factor is an alternative to elongation as
a means of increasing plasma current. Comparing g^H.^*) for A = 2.9, 5 = 0.4,
where q* is defined as q* = 5{OBTHP) (1 + K2)/2A for the optimum range
discussed earlier (2 < K < 2.5), with the case with K < 2, the operating space in
the high-K region is found to be very similar to that of K < 2. Therefore, the
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increased confinement benefits of high current through elongation do not lead to
a deterioration in the Troyon coefficient. However, in both cases there is a
substantial diminution in gTroyon, for Q* < 1-5, due to relatively poor stability
limits for qv < 3.

3. TOKAMAK DESIGN REALIZABILITY

A distinctive feature of the design work for DIII-D was the concentration
on numerical equilibrium calculations and an important feature of the final design
was the robustness of solutions of the Grad-Shafranov equations (GSE) to a
large variety of perturbations of the equilibrium parameters. From this design
experience, a few simple figures of merit for evaluating a proposed tokamak
have been developed. In addition to the usual performance measures such as
maximal stable P, the following 4 indicators should be carefully investigated for
any proposed tokamak:

1. The robustness number of the tokamak [6,7], for a given family, j ,
of current profiles - the first robustness parameter is defined to be
(Ap - AAp)A4p, where AAp denotes the maximum plasma cross-
sectional area change when the profile parameter is varied through J.

The inductance matrix, A, relates the coil currents / and the magnetic
flux y at specified locations outside the plasma boundary. The normalized
singular values of A, Oj(A), are the eigenvalues of (A*A)1/2 normalized by the
maximum singular value. The condition number, C(A), is (OminCA))"1. C(A)
is important because it gives bounds on how sensitive the solutions of the linear
equationA/= y/ are to perturbations in y/"and thus reflects the ability of the
tokamak to compensate for disturbances in y. Also the GSE can be written as
V/p = AJ where yp is the magnetic flux due to current in the plasma. As there is
a minimum achievable experimental error and as the GSE mathematical model is
an idealization, it is essential that if A is replaced by any A which approximates
A closely (say to within e)sthen the main features of the equilibrium solution,
such as plasma volume, do not change by a large amount. If k£ normalized
singular values of A are less than e, then it is easy to construct a matrix, A, with
a distance to A less than or equal to £ and with rank equal to rank (A) — fce. It is
not surprising that,when k£\s large, solutions to yp = AJ, the e regularized GSE
(e-RGSE), are very different from solutions to the original GSE.
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FIG. 3. (a) Solutions to the e-regularized Grad-Shafranov equation (GSE) with coils fixed at 2.40a and
loops fixed at a; (b) plasma area of all solutions in the GSE solution space for a tokamak coil fixed at
2.40a, a limiter elongation of 2.4, and a distance p' between flux loops and plasma.

2. The condition number, C(A), the a^A) and especially the number

of lost singular values k£;

3. The e regularized plasma volume defined to be the plasma volume
forthee-RSGE;

4. Bifurcation number defined to be the number of solutions to the
GSE which exist for a given set of equilibrium input parameters.

A series of numerical experiments was done on a versatile family of
generic tokamaks, generomaks[8], which show the effects of poloidal field coil
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(PFC) location. The performance measures, defined above, degrade markedly
as plasma distance and/or elongation increases. For a fixed RSGE, there is an
increasing loss of singular values as the PFC-flux loop distance increases and/or
the elongation increases. For example, with elongation 2.4, e = 0.005, limiter
fixed at minor radius denoted by a and 16 evenly spaced loops at a, then k£ = 0,
4, 6, 8/espectively, as the 16 evenly spaced coils are moved from 1.20a to 1.60a
to 2.00a to 2.40a. The solutions to the e-RSGE with coils fixed at 2.40a and
loops fixed at a are shown in Fig. 3(a). The diverted surface no longer exists
with e = 0.005, which represents a minimum achievable experimental error.

The GSE for tokamaks with limiter elongations greater than 2.0 and with
distant PFC systems can have three distinct up-down symmetric solutions: a
small volume solution, an intermediate volume solution and a large volume
solution. The small volume solution is the easiest to obtain numerically when
the flux loops are far from the plasma. The large volume solution can be
obtained by using a current initialization equal to the desired solution current
when the flux loops are close to the plasma, but requires the use of a phantom
coil when the flux loops are far from the plasma. Figure 3(b) gives the plasma
volume of all solutions in the GSE solution space for a tokamak with distant
PFCs and moderate elongation as a function of the distance between the flux
loops and the plasma. Here, the flux loops are moved from the plasma to the
PFCs.

Our results show that with increasing PFC distance and with more
strongly shaped plasma cross-section, desirable plasma equilibria become much
less robust. Consequently increasingly severe control problems arise.
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Abstract

THEORY OF ENERGETIC/ALPHA PARTICLE EFFECTS ON MAGNETOHYDRODYNAMIC
MODES IN TOKAMAKS.

The presence of energetic particles is shown to qualitatively modify the stability properties of
ideal as well as resistive MHD modes in tokamaks. Specifically, the paper demonstrates that, consistent
with high power ICRF heating experiments in JET, high energy trapped particles can effectively
stabilize the sawtooth mode, providing a possible route to stable high current tokamak operation. An
alternative stabilization scheme employing barely circulating energetic particles is also proposed.
Finally, the paper presents analytical and numerical studies on the excitations of high-n MHD modes
via transit resonances with circulating alpha particles.

I. STABILIZATION OF SAWTOOTH OSCILLATIONS

Consider a large aspect-ratio (e=a/RQ < 1) tokamak with

circular magnetic surfaces. The plasma is taken to consist of

a resistive MHD background plasma and a lower-density, hotter

(h) trapped particle component. The dispersion relation of the

m=1 resistive internal kink mode has been derived

variationally •* and is given by

SW + SW Q-HT TJ5 — = 0 (1)

where A = -i[(i>(u>-a>*.,)(u)-ti>)n)] /YR, YB = S~ ^ufl is the

1 Ecole polytechnique, Palaiseau, France.
2 Institute of Physics, Chinese Academy of Sciences, Beijing, China.
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resistive growth rate, S is the magnetic Reynolds number, u>̂  is

the shear AlfvSn frequency, uift = vft/(/3Ro rq') with vft the

Alfvgn velocity, and q' = dq/dr with q the safety factor. The

u* terms are diamagnetic frequencies of the background plasma

with o)#i = -(c/neBrKdpj/dr), <jj*e = (c/neBr)(dpe/dr), and u#e =

w«_+0.71 (c/eBr)(dTo/dr). The inclusion of the diamagnetic
i

terms was carried out by Bussac et al., and Ara et al.,

generalizing the work of Coppi et al. The expression 6W^ ~

0(e28DC) is the minimized ideal variational energy for the

internal kink, first calculated by Bussac et al.,' giving the

ideal growth rate YJ = -w^SWf, and 6W^ is the kinetic

contribution coming from the trapped particle distribution F,

E3 O

with [y] = (2/ yrdr)/rg, rg the q=1 radius, a = v±/v , w» a

differential operator associated with the hot particle

diamagnetic drift frequency, and K2 and Kb are elliptic

functions arising from bounce averaging. The dispersion

relation thus depends parametrically on the trapped particle

beta 6^ and six frequencies 10̂ , u^, oj*e, w # i, YJ, U>R, as well

as on the form of the distribution function F. We have

examined the solution to Eq. (1) for particle distributions

chosen to model neutral beam injection and ICRF heating.

Numerically generated Monte Carlo distributions as well as

simplified models were used. Qualitatively the results are

insensitive to the form of the distribution function. A model

slowing-down distribution with a single bounce angle and energy

dependence F~E~^'2 allows analytic evaluation and suffices to

display the properties of the solution. Results for Maxwellian

and other distributions are similar and will be reported

elsewhere. We choose parameters appropriate for JET to

illustrate the solutions, but the numerical results should be
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taken only as an indication of qualitative features. Detailed

comparison with experiment must be done using appropriate

distribution functions. The full dependence of the solutions

on all the parameters is too involved to discuss here.

Considerations are limited to that domain which allows complete

stabilization, and may be of relevance for JET and other

experiments. At high temperatures there are two branches of

interest. The resistive internal kink branch, responsible for

the sawtooth, and which for 8̂ =0 and YJ > <o*.j/2 has a real

frequency near w»^/2 and growth rate near YJ> and the fishbone

branch. Increasing 6̂  decreases the growth rate of the kink

branch if <o)d> > Yj> and at sufficiently high temperatures the

mode is stable for 8n sufficiently large. Stabilization of the

ideal mode was known previously,2»° but stabilization of the

resistive mode occurs only if the arguments of the Euler gamma

functions in Eq. (1) are large enough that the mode is

essentially ideal. This condition gives, for YJ >

(3)

Thus stabilization occurs only in a sufficiently high e

plasma. On the other hand if YJ < <o#i/2, a small amount of

resistivity can significantly change the results. The

dissipative effects associated with the ion resonance are not

sufficient to overcome the resistivity and the mode cannot be

stabilized.

The fishbone branch is, on the other hand, destabilized by

the hot particles. It has a real frequency approximately

equal to <o>^>, anc* a threshold in 8n given approximately by

6 C * <u)d>/(DA.

If <«(j> >> «#£, i.e. if the trapped particle population is

sufficiently hot, the stabilization of the kink branch can

occur for 8^ < 8C, so that complete stabilization is
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FIG. 1. The stable domain in the -yt, n plane, for JET parameters.

achieved. There then exists a triangular domain in the YT, 3V,

plane in which both these branches are stable.' The stable

domain is shown in Fig. 1 for an approximate JET equilibrium

with R = 296 cm for two different values of the magnetic

Reynolds number, S = 10'and 10 . The particles were taken to

be a slowing-down distribution with an average energy of 700

keV. The toroidal field was B=24 kG. The shear Alfven

frequency was ID^=2X10 /sec, and the diamagnetic frequencies

were u>* =-3*10 /sec and 0)^=2x10 vsec. A triangular stable

domain also exists for Maxwellian distribution functions.
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Although it is tempting to associate this domain with the

occurrence of sawtooth-free operation on JET, it is necessary

to make more detailed comparisons using non-circular tokamak

equilibria, correct distribution functions and reasonably

accurate current density profiles.

Recently, Eq. (1) has also been generalized to include a

highly anisotropic (P >> P,,) but circulating energetic com-

ponent. In this case, we have

and 5Wk = 0 since no trapped particle is involved. Equation

(1) then suggests the interesting possibility of significant

stabilization by employing "barely" circulating energetic
1 /3

particles mainly within the q = 1 surface. Note since SW^S"-*

> 1, this scheme, in addition to achieving ideal stability,

could also significantly suppress the sawtooth oscillations.

II. ALPHA-PARTICLE EXCITATIONS OF HIGH-N MODES

In proposed tokamak ignition experiments such as CIT,

fusion a particles typically have velocities va ~ v^ and

instabilities via transit resonances between shear Alfven waves

and circulating a particles must be considered. In the n

(toroidal mode number) >> 1 limit, the toroidicity-induced

shear Alfven "gap" mode,12 which suffers little damping due to

phase mixing, could therefore be readily excited.

To illustrate the physics, we consider a large aspect-

ratio tokamak with circular magnetic surfaces. The correspon-

ding shear Alfven eigenmode equation is then given by, in the

ballooning-mode representation,
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, , 2
[;^P(e>;£+(—) P(e) (U2ecose) + Ag (e)]6«t> (5)

- 4n < ui,6g> = 0a. d a

where p(9)=1+s e ,s=rq'/q, A=B'q RQ, <o^=vA/qR , go=cose+s9sine,
2R2/c2k2, ke=nq/r, ud=u6go, u)d=ke (v_L/2+vp

is the cyclotron frequency, <...> =JcPv(...), and 6ga satisfies

(jjf -iw) 6ga = i6ago6* (6)6ago

with w=(u)-(0d)/a)t,ut=v,,/qRo, and

To proceed further analytically, we assume s,A<1 to allow

two-spatial-scale expansions. Letting 6i|»=(1+s 8 ) 6<fr, we

shall concentrate on the toroidicity-induced shear Alfven waves

by assuming

fiip = A(91)cos(6 /2) + BCe.) sin(8 /2) (7)
1 o 1 o

such that 8<~1/s>>8 ~1. Equation (5) then yields the following

coupled equations between A(e^) and B(e^),

f+A=-B'+(iB2-As8/2p)B (8)

A

f_B = A'-(iB2+As8/2p)A (9)

where

f± = r± - s
2/p2 ± A/2p

r± = (1±e)(o)/wA)
2 - \ - 61 (10)
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and wo=wA)t. Equations (8) and (9) can be solved via

asymptotic matching analyses yielding the following dispersion

relation

that is, we have approximately

«r -

(12)

with fa~0(1) being the fraction of resonant a particles and L_a

being the a-particle scale length. Noting that electron Landau

damping provides the main stabilization and that

max(kepa)~evA/va, we then have a critical 6a given as

6a,c~ < W . > (6 em e/m.)
1 / 2- 0(10-3) (13)

The analytical results already mentioned are supported by

numerical results from a comprehensive kinetic linear

eigenfrequency eigenfunction calculation1^. This calculation

is fully electromagnetic and includes all of the relevant

kinetic effects for the magnetically trapped and untrapped

particles for each species, including bounce-frequency

resonances for the trapped particles, transit-frequency

resonances (Landau damping) for the untrapped particles,

magnetic (gradient and curvature) drift frequency resonances,

and full finite Larmor radius effects. The calculation employs

the ballooning formalism to lowest order in 1/n, and
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accordingly the calculation is local to a chosen magnetic

surface and involves a system of three one-dimensional

integrodifferential equations along the unperturbed magnetic

field lines. Here, a version of the design for the proposed

CIT is considered which has (vacuum) major radius RO=1.75 m.

Radial profiles of n^(r) and T,(r) for each species and also of

the safety factor q(r) and the pressure p(r) are obtained from

a BALDUR transport code run for this design. In general, up to

four particle species are included: j = e for background

electrons, j = i for background hydrogenic ions, j = He for the

thermalized helium ash, and j = a for the hot a-particles which

are in the process of slowing down. Accordingly the so-called

slowing-down distribution function Fg^ <* na(r)/(v^+v^), where

vc is the so-called critical velocity, is used for the a-

particles and the distribution functions for the other species

are taken to be Maxwelllan. The MHD equilibrium is calculated

numerically, since the CIT device has a strongly shaped cross

section, with a vertical elongation factor of about two and

significant triangularity. Further details are given in Ref.

1*1. Numerical results are presented here for a magnetic

surface with (average) minor radius r = a/2, which is somewhat

outside the q=1 surface. In these results, 8 is varied

artificially from its BALDUR value, 6=eCIT=5.82£, by varying

all of the n, = B, at fixed n,/n , T,, BQ, and n. For each

different 8 value, the entire pressure profile is multiplied by

0/Bf.T.p and the numerical MHD equilibrium is recomputed, for a

fixed q(il>) profile.

The results of varying 8 in this way are shown in Fig. 2

for the kinetically-calculated MHD ballooning mode (kMHDBM).

Also shown is the growth rate curve for the simplest ideal MHD

ballooning mode equation, without u» j and without a-particles

or helium, for reference. Including <D»_^ and the many other

kinetic effects, but with no a-particles or helium, lowered the
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growth rate curves substantially to those for the kMHDBM. The

corresponding kinetic s-critical, B^ n, can be either raised,

as for n = 19, or lowered, as for n = 58, from the simple ideal

MHD BMQ? = 8.25%, due to ion magnetic drift resonances and

other kinetic effects. Including the a-particles for n = 19

raises the growth rate substantially for B < B ^ anc*» *-n fact»

lowers B^*" to below 2%\ The addition of helium ash for B =
BCIT = 5.82% has only a small additional destabilizing effect.

The corresponding real frequencies u>p are shown in Fig.

3. They are all in the ion diamagnetic direction. The real

frequency for the simple ideal MHD ballooning mode without the

w» ^ is just wp = 0. For the kMHDBM for n=19, adding the a-

particles is seen to substantially increase |wp|. Various

characteristic frequencies are shown on the vertical axis.

With the a-particles included, wp is of the same order as the

average untrapped a-particle transit frequency 5^a, and is 0.5
* 1 /p 1/p

to 0.7 times the Alfven frequency u^nZ ' <*B~ . This allows

the strong destabilization of the mode by the a-particle

transit-frequency resonances that has been mentioned.
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Abstract

EFFECT OF ALPHA PARTICLE HEATING ON PLASMA ENERGY CONFINEMENT TIME AND
OTHER CHARACTERISTICS OF A TOKAMAK REACTOR.

The influence of energy production in a tokamak reactor on plasma transport processes is consid-
ered. The analysis is carried out with the assumption that the transport processes depend on the differ-
ence between the fusion plasma temperature profile and the profile which would be prescribed by the
ideal of profile consistency. It is shown that the additional thermal flux arising owing to the profile
difference fundamentally affects the reactor parameters. Namely, the smallest reactor size required for
a self-sustained fusion reaction increases, the ignition temperature increases and the temperature of the
stable burn decreases. Expressions describing the change of conditions of the steady state burn are
obtained.

1. INTRODUCTION

The scaling law for the energy confinement time (TE) is one of the main factors
which are taken into account when choosing the parameters of the next generation
tokamaks and especially of tokamak reactors. The energy confinement time has been
well studied for ohmically heated tokamaks, but even in this case there is no generally
acknowledged confinement law. Instead there are a number of expressions for TE

which satisfactorily describe recent experimental data and which result in relatively
little discrepancy when extrapolations are made. The confinement laws for tokamaks
with auxiliary heating are less reliable and discrepancies between them are more
substantial. However, they enable us to conclude that the plasma energy confinement
degrades when the auxiliary heating power is increased. Because the thermonuclear
reaction is the main source of plasma heating in a fusion reactor, the question arises
whether a-particles will affect the plasma energy confinement. If they do, the
presence of the alphas should be taken into account when projecting fusion reactors.
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Alpha particles may affect the plasma confinement by means of various physical
mechanisms. In the present work profile effects based on experimental data are taken
into account [1-7]. According to Refs [2-7], tokamak transport processes depend on
the difference between the shape which would be prescribed by profile consistency
and the true radial profiles of plasma parameters. Plasma heating by alphas may be
expected to result in the additional deflection of plasma profiles from the consistency
shape and thus to change the plasma energy confinement time.

2. EQUATION FOR THE PLASMA ENERGY BALANCE AND ITS
SOLUTION WITH THE MODEL HEATING SOURCE

We proceed from the following equation for the energy balance of the
deuterium-tritium plasma:

3n — - = P« + Pext - Pb - Pa, (1)
at

Here Pa is the a heating power, Pext is the heating connected with the external
sources, Pb and Pth are the energy losses due to radiation (bremsstrahlung) and
thermal conduction and n and T are the plasma density and temperature. The expres-
sions for Pa and Pb are well known. P^ will be taken in a form which takes into
account the results of Refs [1-7].

According to Ref. [1] the plasma current profile and the electron temperature
profile have a 'consistency' shape. Recent research carried out on the T-10 tokamak
with ECRH confirmed this [2]. Moreover, these experiments showed that the radial
profiles Te(r) and j(r) approach the consistency shape when n/I grows, I being the
plasma current. The authors of Ref. [4], where the results of experiments on the
various tokamaks are generalized, concluded that the plasma pressure profile (p)
rather than the temperature has a consistency shape. Theoretical work [5] predicts
consistent profiles for p(r) and j(r) in the following form:

where q, = qa/q0 - 1, a is the plasma radius, qa and q0 are the tokamak safety factor
at r = a and r = 0, j m = j(0), pm = p(0). Using Eq. (2) one can find the consistent
profiles of the temperature and the density assuming j ~ Te

3/2:

( l+q.r2 /a2)4 / 3 > W ; ( l+q , r
(3)
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where Tm = T(0), nm = n(0). In reality the experimental profiles have the con-
sistency shape only approximately, the main discrepancy being related to the peri-
phery region. This fact enables the expression for Pth to take the following form:

Here K is the thermal conduction coefficient (we take K = 5 X 1017 cm"1, s '), 8 is
a dimensionless parameter which is proportional to n/I (or nq) and kT = 8q.r/
[3(a2 + q.r2)]. The additional thermal flux K0(dT/dr + kTT) vanishes when
T(r) = Tc(r). It is clear that the form of Eq. (4) is not unique. This form is sup-
ported mainly by agreement between the results of numerical calculations and the
experimental data of the T-10 tokamak [6, 7]. But we should note that Eq. (4) is
slightly different from that used in Refs [6, 7]. In Refs [6, 7] K corresponds to the
T-ll scaling and the additional thermal flux is proportional to K(a/2Vq»).

The boundary and initial conditions for Eq. (1) are given by

*"* (t,0) = 0, T(t,a) = To, T(0,r) = f(r) (5)
dr

We assume that To -̂  Tm. In the consideration of thermonuclear burning To may be
taken up to To ~ 1 keV.

Before studying the thermonuclear plasma it is of interest to consider the sim-
plest case, solving Eq. (1) with Pa = Pb = 0, 3T/dt = 0. In this case one can find
the following solution of Eq. (1):

T(r) = - (1 + q , r 2 / a 2 r v ^ ' dz PMI(y) ydy (6)
K(l+<?) Jr/a Z Jo

where v = 40/[3(l +6)]. Introducing the effective thermal conduction coefficient
Keff = qT-/(dT/dr) (qT is a thermal flux) and assuming Pext(r) = const we obtain:

It follows that /ceff grows as 6 and r increase; the maximum value of Keff is K(1 + 9).
Therefore we can conclude that the additional thermal flux K0 (dT/dr + kTT) leads to
degradation of the plasma energy confinement time. The approximate dependence of
TE on 6 is given by
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where r | = rE{B = 0), or, is a numerical factor depending on q*. In particular,
«! = 0.66 for q. = 1.1 and a, = 0.44 for q. = 3. Calculations show that when
Pext(r) = Pm(l ~ r2/a2) Eq. (8) remains valid, the change of at being small.

3. PROFILE EFFECTS IN THERMONUCLEAR BURNING

The main difference between Eq. (1) with Pa ^ 0, Pb ^ 0 and its simplest
form, considered above (6), is connected with the non-linear dependence of energy
source and sink on the plasma temperature. The non-linearity results in the existence
of two or more steady states; the stable states are only those for which da/dTm > 0,
where a(Tm) is a function determined by the steady state energy balance equation
[8, 9]. The most attractive case is a temperature range where da/dTm < 0. To real-
ize the unstable regime of burning, feedback stabilization may be applied. Recently
it was demonstrated by means of numerical calculations that the achievement of igni-
tion with T(r) close to the unstable steady state profile is possible without feedback
[10]. The state with this profile turned out to be conserved for a relatively long time.
This makes it easier to solve the problem of achievement of steady state burn in the
thermally unstable region.

Thus when studying the profile effects it is necessary to consider not only TE

but also the various characteristics of the steady state burn.
As Pa and Pb depend on n(r) we should choose a specific n(r). To do this we

at first assume n(r) = pc(r)/T(r), where pc(r) is given by Eq. (2). However, our
attempts to find the steady state solution of Eq. (1) turned out to be unsuccessful.
Therefore we conclude that steady states with this n(r) are absent (even for 0 = 0).
This means that the use of the consistency shape for the pressure is not justified for
the boundary problem considered. The reason is that Eq. (2) does not allow a low
value of n(r) near the plasma boundary. The use of the pressure profile with
pc(a) = 0, which is found in Ref. [5], does not change the situation.

Because of the foregoing, we take n(r) in an explicit form assuming n(r) = n
x (1 - r2/a2), n = 1014 cm"3. Then we find that steady state burn is possible when
the plasma radius exceeds the critical one, i.e. when a > amin. Provided that
a > amin there are two steady state temperature profiles: T^r), which is unstable,
and T2(r), which is stable (T2(r) > T,(r)). The typical steady state profiles of T(r)
are given in Fig. 1 for 6 = 0 and 8 & 0. Figure 2 shows a(Tm) for Pext = 0 and
various values of 6. It follows from Fig. 2 that the curves aCT,,,) are raised and
become narrower when 0 grows. This means that the minimum size of the reactor
increases, the ignition temperature increases and the temperature of stable burning
decreases. Using the results presented in Fig. 2 one can describe the influence of
profile effects on the value of the plasma radius required for steady state burn as
follows:
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FIG. 1. Stable temperature profiles for 6 = 0 and 9 = 5 (solid lines) and the Unstable temperature

profile (ignition profile) for 6 = 0 (broken line), a = 150 cm, n = 10H cm'3 and q, = 3 are

assumed.
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FIG. 2. a versus Tmfor Pex, = 0, q, = 3, n = lO14 cm'3 and various values of 6.

a(Tm,0) = a(Tm,O)(l+a20)] (9)

where a2 = 0.66 for q. = 1.1 and a2 = 0.45 for q» = 3.
The rE degradation, as in the case of Eq. (1) in its simplest form, is described

by Eq. (8) but with a, = 0.83 for q. = 1.1 and a{ = 0.57 for q. = 3. Thus
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Eq. (8) is rather general; it depends weakly on the form of the heating source
(provided the heating profile and the boundary conditions are not close to those which
correspond to the consistency shape). It is of interest to find the dependence of TE

on the power introduced into the plasma. For a = 150 cm we find:

TE = const (1 + — - — I (10)

where Pa is in MW/m3. For comparison we present the Doublet-Ill scaling for H
and L regimes (for a = const, I = const):

= const | 1 + — - —— = const 1 H =—
25 (rext J |_ Pext

(11)

r fii i i r n c\fo i
= const

where (Pext is in MW and Pext (in MW/m3) is the averaged power density. We
see that there is an agreement between Eqs (10), (11), from which we see that
rk <rE< r%.

4. CONCLUSIONS

The use of a transport model based on the profile consistency assumption shows
that the peaked a-particle heating profile does not result in improvement of the
energy confinement time as compared with the ordinary methods of auxiliary heating.
The degradation of TE and the requirement connected with it to increase the plasma
radius needed for self-sustained steady state burn are given by Eq. (8), with u\
determined in Section 2, and by Eq. (9). However, in Eqs (8), (9) the parameter 0
is defined equivocally. According to Ref. [6], 0 is proportional to n19/I (I is in MA,
n19 = n/1019 in m"3, n is the averaged density) whereas in more recent work [7]
0 oc nq. In reference to the T-10 tokamak, for which calculations were carried
out in Refs [6, 7], nq = n/I, but it is obvious that nq ^ n/I in general. If we
take 0 ~ n]9/I, then for the reactor with n19 ~ 10 m"3, I ~ 10 MA we obtain
a/a(0 = 0) ~ 1.1 (it is taken into account that /c(a/2) ~ 0.5 «(a) in the model of
Refs [6, 7]). But assuming 6 - n,9q we obtain a much more pessimistic result:
a/a(0 = 0) ~ 3. To reduce the ratio a(0)/a(0 = 0) the plasma density should be
decreased. However, as a(0 = 0) is proportional to the plasma density the decrease
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of n results in an increase of a(0) according to the approximate law a(0) oc r\'m (for
6 > 1).

In conclusion we note the following. The model used is not well founded
theoretically but it is based on the experimental data and describes the recent experi-
ments with auxiliary heating. So the application of this model to a reactor is as
justified as the experimentally obtained laws.
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Abstract

ALPHA POWER EFFECTS ON ENERGY CONFINEMENT TIME AND IGNITION, AND
ENHANCEMENT OF ION NEOCLASSICAL HEAT CONDUCTION DUE TO ELECTRON AND
SUPERTHERMAL ION ENERGY SCATTERING COLLISIONS.

In Part A of the paper a purely theoretical model is adopted for the local heat diffusivities xe and
Xi- The global TE is constructed after Callen et al. and is used in a zero dimensional ignition power
balance to study alpha power and fast alpha loss effects on ignition. The Horton-Choi-Yushmanov-
Parail model for xe permits ignition in a CIT-like tokamak with B = 13.5 T, Ip = 18 MA, if the fast
alpha losses and the ^ mode can be controlled. Part B considers the extra components of neoclassical
ion heat conduction driven by energy scattering collisions with electrons and superthermal ions. These
components are important in auxiliary heated discharges and can be the most important if the plasma
ion distribution has an enhanced non-Maxwellian tail.

Part A. ALPHA POWER EFFECTS ON ENERGY CONFINEMENT
TIME AND IGNITION

by D. J. Sigmar and C. T. Hsu

I. Introduction

In this paper, we adopt certain theory based choices for the local
transport coefficients of all species! Then, extending to include alphas the
approach of Callen, Christiansen et al.[l] we construct the global energy
confinement time r# from the set of local diffusivities. An "offset scaling
law" emerges naturally, but a heat pinch is not necessary to produce it.

' Work sponsored by the United States Department of Energy.
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The loss power Pi = W/TE with W the volume averaged stored energy
including all species j =• (e, i,z,a) is then determined and is used in a
0-D power balance of the burning plasma. Numerical results of Pa-u.x and
Q contours are plotted in the usual n-T diagram [2], revealing the effects
of the a power and alpha confinement on ignition.

II. Global TE Calculated from Local Transport Coefficients

The approach of [1] has been generalized [3] to multiple species. The
stored energy is

W = L T drr V \rijTj + L I drrnaEa (1)

Jo f£ 2 Jo

where L = 4n2R0. Since for temperatures below 30 keV 0a <tC fy (see
Table 1) we can neglect the a contribution in (1), henceforth. Assuming
that the integrated density

N(r)= f dr'r'Yn^r1) (2)
Jo j

is prescribed and defining the thermal conductivity

«(r) = 2> i X i (r) (3)
j

we define a radially dependent confinement time

where r = a is the minor plasma radius. The energy balance is, summed
over all species and assuming Tj = T

•j rv r fYP "1

Qlos* = ~ -£~r - K — - + qc \= Qaux + Qoh + VaQa ~ Qrad = Qtot (5)
r or \_ or J

Because of n o <^ ne (see Table 1) the a contribution to K is negligible if
TiaXa <tC 53j njXJ- ^or s o r n e presently known examples [4,5] this is so.
In (5), qc = 53- qcj describes the off diagonal Onsager matrix elements of
the heat flow, which are of similar magnitude t o / i ^ . The form of (5)
for the energy balance is valid if the work done by the viscous force and
by ^ ^ is neglected.
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TABLE 1.. DENSITY AND BETA RATIOS FOR VARIOUS ELECTRON
TEMPERATURES3

Te (keV) n^n, &,/(& + ft)

5 5.48 x 1(T5 4.2 x 10"3

10 9.43 x 10"4 4.26 x 1(T2

20 7 x 10~3 1.85 x 10"1

30 1.49 x 10'2 2.86 x 10'1

a Provided by D. Post, Plasma Physics Laboratory, Princeton Univ., 1987.

Prompt or near prompt fast a losses are contained in the term r)aQa

in (5) as follows. The a heating power/volume is

rjaQa = f°a d^v7^- [Cae (fa,feM) + Cai (fa,fM)] (6)
Jo z

where the fast a kinetic equation contains a loss frequency VL describing
ripple, fishbone or sawtooth losses [6]

If 1 — vi,i~sa/3 < 0 the slope of fQ is inverted and Qa can be affected
strongly. In this paper we describe such effects by multiplying the a
power Pa = L Jo drrQa by the factor r/Q < 1 and study its influence on
the plasma operations contours, cf. [7].

Integrating (1) twice by parts one obtains [3]

W = TKL [ drrQtot 1 - ^ - L f drr ^qc (8a)
Jo L T« J Jo dr

and we define the last term as Wconv. The global energy confinement
time follows from Eq. (5) and

= W/PtQt (8b)

Ptot ~L I drrQtot , Pioss = L [ drrQloss (8c)
Jo Jo
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Let Qe = *°^ ' 'Qi(r) where Qt is a dimensionless profile factor,
and define the volume average (.4), and (f d3x) == v. Let

ft = (r(r)Qt(r)) /TK {Qt) £ = aux, oh, a, rad

Equations (8a,b,c) yield

(8d)

Taux)+rK

where we use (5) to get

£ {Plot)'1 (8e)

(8/)

From (8e,f) rE and Pauxo can be expressed in POPCON [7] variables T,n

r « - (8h)

Discussion The exact Eq. (8e) has an offset scaling law form. The
convective loss Wc oc qc is not solely responsible for the existence of the
(Ptot)'1 term. The offset rK(l - faux) has strong scaling dependence on
plasma parameters. The main scaling of TE comes from rK oc (aT1/2 +
6T 3 ' 2 )" 1 , see Eq. (13), next section. In the form factor in curly brackets
of (8g) (faux —fe)Pio > 0 occurs for broad heating profiles, which explains
the r/a dependence of Fig. 4. (For £ = a, Pto = T)aPQ where r\a is the
fast a coupling parameter.) The £ = a term dominates in X^^^oui ' n ^ e

form factor but the dominant Pa effect is temperature rise it produces
which deteriorates r^, see Figs. 4 and 2.
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III. Theoretical Model for K and gc

III.l For the electrons we take the recently developed and experimen-
tally verified result of Horton, Choi, Yushmanov and Parail [8a,b]

Xe(r) = e ^ ^ D e m + e ^ ^ D e a = X e l + Xe2 (9)
u> r eB

where the coefficients Dem, Des depend on the fluctuation spectrum [8a,b]
and are of 0(1); e.g., Alcator C data yield Dem ~ .7, Dea ~ 3. Here,
ps = cs/ujci, ct = \jTe/rrii, and the notation is standard [8a,b].

For the ions, we take neoclassical transport (which for rn < r)iCTn
has been shown to apply [9]). In Part B of this paper, A. Ware presents
important corrections to Xi ' n fusion plasmas. The rji mode transport is
given by Horton [10] and we obtain

i) ~ Xii + Xi2

i ' m " ) e"3/2 (106)Xi{neo) =

K2 ~ (.66 + 1.88e1/2 - 1.54e)/(l + v\[ + .31^.) (10c)

o
XiiVi) = (TH~rHcrii)1 f2 plctLs/ R0Ln] rjicrit = - , L4 — -R09/ s (10<i)

2

111.2 The Xj(r) in (9) and (10) depend only on n(r), Te(r), Ti/Te,
q(r) and B. For high density tokamaks considered here Ti/Te ~ 1. We
use

»(r)/no = (l - £ ) ", T(r) /T 0 =(l -£) ' (11)
V an/ \ aT /

and obtain g(r) from j ~ Te but in numerical work we can use arbitrary
profiles. With the profiles given, /c(r) and T(r) is calculated from (3), (4),
(9), (10) and W from (8a).

111.3 The convective part of the heat flux is

qc = V -TjTj + gc(Ware) + - — TQ (12)
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where wa = f d3vm"^1 fa but we can neglect the last term in (12) if
0a "^ fie + fii and the diffusion coefficient Da ~~ De, Di by magni-
tude. The total Ware heat flux from conduction and convection is in-
ward but not large enough to reverse the sign on qc. In the first term
of (12) one should retain an impurity contribution since from the ex-
pected Zeff 4? 1.5, nzz

2/v-i > y/me/m.i, where upon I \ oc i2||,-e + R\\iz is
dominated by R\\{z, the impurity-ion friction. (The r)i mode turbulence
may also contribute [11] to R\\iz as can the thermalized alphas.) In the
JET experiment an inward heat pinch is observed [12] which cannot be
explained so far by theory. In this situation, we drop the convective con-
tribution to TE, particularly since (8e) shows that the "offset" form for
TE does not solely depend on qc.

IV. Stored Energy W, and rg

These quantities are calculated from (8). Here, we give some analyt-
ical insights using rE ~ rK ~ na?/4H and (3), obtaining with the help of
(9) and (10)

TK ~
Xel

nR2a

J +Ce$ +&!{*)*& +
(13)

Discussion i) q dependence. For ohmic plasmas below saturation,
only - + Cejft matters, which explains the observed less than linear
dependence of rg (neo-Alcator) on q; ii) The n dependence shows a con-
tribution to density saturation from the Ce, Ciiand CJ2 term, with C,2
(from XiiVi)) t n e strongest effect; iii) B and Ip dependence. At constant
B, * ~ I'1 in the denominator provides a positive scaling of TE with I"
v> 1. At constant q, TE improves with increasing B2a; iv) rji dependence.
When r}i > T)icrit, Xidi) quickly dominates over Xi{neo)- (The factor
{jii ~~ Vicrit)1/2 is a recent improvement over the previous (1 + rji)1^2 [10].)
With increasing a power Tj(r) will peak up, thereby increasing TJ^. a
driven profile effects are discussed in [13,14]; v) T dependence. The hy-
brid dependence on T1 /2 and/or T3 /2 is controlled by B2a and Ip and

Vi < Vicrit-

V. Numerical Results and Discussion

Figure 1 shows plasma operation contours for a high field compact
tokamak (with higher B, Ip than the CIT proposed by the United States)
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FIG. 1. Paux (solid) and Q = 5Pa /Paax (broken) contours in n-T space, together with the density and

Troyon limit. Vi < i j / c r i l : X, = X,(neo). i)a (cf. Eg. (6)) = 1. vn = l,vT = 1.5 (Eq. (11)). Dm = 0.7,

Des = 0.35 (Eq. (9)). Machine parameters: R = 2.2 m, a = 0.72 m, B = 14 T, I = 18 MA, K = 2.

6 C I T + S = . 3 5 M = . 7 r a = . 9 r t = t . 0 5 r n = l . 0 5 n = l T = l . 5 E A = .

10

9 r

5 b.

4 f-

3

2

1 r

* I

0 2 * 6 » 10 12 It 16 18

A v e . ( n T I / A v e . ( n I ( k e V ) a u x p o w e r i Q

FIG. 2. Same as Fig. 1, but i)a = 1/2 (1/2 fast alpha losses).
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FIG. 3. Same as Fig. J, no fast alpha losses, but >;, = 2riicri, = 3: Xi(neo) + XiM-

CIT +
3 . 5

3 . 0

S 2 . 0

4J

c
*<= 1 . 0

I
0 . 3

= . 3 5 M = .7 r a = . 9 r t = 1 . 0 5 = l T = 1 . 5

i r i ' i

0 Q 1^. • i i i i 1 i I • i • I i I i i , I i

0 2 4 6 8 10 12 14 16 18 20

<nT>/<n> (kfV)

FIG. 4. Energy confinement time TE versus T for ria = 1, 2/3, 1/2, i.e. increasing fast alpha losses.
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whose specifications are given in Caption 1. It ignites ohmically with the
confinement laws Eqs. (9), (10), if rji < r/,crit) with perfect fast alpha
confinement, rja — 1. In Fig. 2, one-half of fast alphas is lost, but ohmic
ignition is still possible. In Fig. 3, r\a = 1 is restored but the r/{ mode ion
transport dominates and the Cordey pass is above the density limit. Fig-
ure 4 shows the t empera tu re dependence of TE, for increasing amounts
of fast alpha losses which forces the ignition margin to higher tempera-
ture. The T]a dependence was discussed after Eq. (8h).
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PART B. ENHANCEMENT OF THE ION NEOCLASSICAL HEAT
CONDUCTION DUE TO ELECTRON AND SUPER-
THERMAL ION ENERGY SCATTERING COLLISIONS

by
A. A. Ware

In tokamak plasmas, due to pitch angle scattering and ion orbits, passing
ions at radius r with v\\ < 0 are strongly coupled to passing ions of the
same energy and v\\ > 0 at r + 26r with 6r ~ (r/i?)1/2^- The tendency
for these two groups of ions to equalize their rates of heating leads to extra
components of ion heat conduction (&) driven by Csifn) and dCE(fi0)/dr,
where CE is the energy scattering part of the collision operator.

Starting from the ion drift-kinetic equation, multiplying by BjBeV\\ and
taking the 0 average, one obtains the solubility condition. Integrating this
equation with respect to fi from 0 to the value (J,B at the boundary of the
trapped region, the parts of the acceleration flow in pitch angle (Ja) second
and third order in pie/L are given by

[ r\ * *1

(C«E)2 + CieE(f0, fe0) 4- CibE(fo, /to) - -£
Ol J

F3p = (Ja)3sma ~ av \{CHE)S + CieE(fi,feo) + CibE(fi,fbo) - JA (1)

Zeff has been assumed large (^ 3) so that /i is approximately constant in
the passing ion region, a = cos~l(v\\/v), a = U||/|u|||, the subscript p refers
to the passing particle side of the boundary and b refers to the superthermal
ions such as slowing down beam ions or a particles. Neglecting the weak
Pfirsch-Schluter component, there is no radial diffusion term in Eqs. (1),
since only passing particles are involved. A contribution from C,e(/o)/ei)
has been assumed small [1] and ft, is assumed to be isotropic in pitch angle
so that fn is zero.

Just on the trapped particle side of the boundary the average of F2
for the whole trapped ion orbit passing through this point, to third order
accuracy, is

(F2 + F3)?t = F2-^F> (2)

where h = 1 + (r/R)cos$ and the prime denotes the radial gradient. The
orbit average of the F3 terms of Eqs. (1) is zero.

The fourth order part of the ion heat conduction is given by

dBq* = - J 2; J
and the contribution from the discontinuity in F3 at the trapped ion bound-
ary is given by the pitch angle scattering collision operator, —v\\dF3/Bdfi.
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Using Eqs. (1) and (2), the \i integral in Eq. (3) is given by

with v\\B = v(2r/R)1/2 cos(0/2) and

(^boundary = / M j mrfvyp (̂ 3p + ^ ^ ) « dv (4)

1. The Contribution from Electron Collisions

Inserting the energy scattering part of the Cet- operator into Eqs. (1), Eqs. (1),
(2) and (4) yield

(5)

where ve is the standard electron collision frequency IGK1'2^,^4 In h.j"ivr?ev%..
The first term, coming from C,e(/n), has already been published in Ref. fl],
except that the 0.48re/T; part was neglected there. The second term com-
ing from C'ie(fio) is a new result. The numerical coefficients are large in
both terms because the ze-energy scattering collision operator is strongly
weighted towards high ion energies. The two collision terms will also drive
ion diffusion, and the increment in the radial electric field for ambipolarity
will cause a small increase in (<z,),e [1]> which has been omitted here for
simplicity. If Ti/Te is sufficiently large compared with unity, (&)«. can be
the dominant component in the ion heat conduction. Like the contribution
to qi due to ii~eneigy scattering collisions [2], both terms in Eqs. (1) are
proportional to (r/R) and not (r/R)1/2.

The heat conduction involved in Eq. (5) has the unusual characteristic
that energy is taken from, and given back to, the electrons at each ion dif-
fusion step length. Part of the energy involved is contained in the standard
formula for the energy transfer from electrons to ions—the energy moment
of Cie(fio,feo). But for the electrons within approximately an ion poloidal
Larmor radius of the magnetic axis, there is an extra electron energy loss
coming from Cie(fn, /&). The energy moment of this term is not zero since
there are no trapped ions with v\\ > 0 and /ii(^|| > 0) is zero. This energy
is given back to the electrons for the last time in the ion loss cone region
near the wall (or separatrix) where there are no trapped ions with U|| < 0.

2. The Contribution from Superthermal Ion Collisions

Taking as an example slowing down beam ions, assuming that /& is isotropic
in pitch angle with all beam ion velocities satisfying t>& ^> vxt, the Cn>
collision operator is
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I d ( 2dfi0
- « U . U / ~ 3 m 2 \ V b / v

where rib is the beam ion density and {l/f&) is the average value of v^1 for
these ions, and the rate at which the plasma ions are being heated per unit
volume is

47rn,-n(,e4 In A <
Pib = —

Inserting Eq. (6) into Eqs. (1), from Eqs. (1), (2), (4) and (7), the ion heat
conduction caused by C,-& is

(8)

Since there is an approximate cancellation of the Tf terms in Eq. (8), the
dominant term is proportional to P(b. This term will help explain the dete-
rioration in tokamak energy containment with centralized auxiliary heating.

3. The Effect of Non-Maxwellian /0

If the ion distribution function has an enhanced non-Maxwellian tail, all
components of the ion heat conduction are increased, but the increase is
particularly large for the C;e and C^ components because of their strong
weighting to high ion energies. Such non-Maxwellian distributions have
been observed with both ohmically heated tokamak discharges and with
neutral beam heated discharges [3]. In the latter case an enhanced tail
is ensured, not only because of the presence of the slowing down beam
ions, but also because of the effect on the background ions due to C,e and
On,. These two operators contain an extra v3 compared with the Cu term
and hence must dominate at sufficiently large ion energy. Equating (C{e +
Cib){fo) to zero for the distribution tail gives dfo/vdv = —mi/Tn or f0 ~
exp(—rriiV2/2TH) where

TH = Te + mipib/SniVeme (9)

If the radial diffusion of the tail is dominated by ii and iz pitch angle
scattering collisions, the exponential character of the tail is preserved as
these ions diffuse outwards and T# remains constant [3]. This causes the
non-Maxwellian tail to become increasingly more important with radius
since the temperature of the low energy part of /o (which is the part diffusing
inwards) is decreasing with radius.

In the two component ion distributions observed on PDX with active
charge exchange [4], the high energy part satisfies Eq. (9) at r = 12cm.
It is not satisfied at r = 26cm; the values of the parameters indicate that
the tail ions are diffusing too rapidly outwards in radius to reach equilib-
rium with the electron and beam-ion collisions, let alone thermalize with
the inward diffusing low energy ions. In the TFTR supershots [5] the value
quoted for the central ion temperatures satisfies Eq. (9). The ion heat con-
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duction at r = 26cm in the PDX measurements due to ii and iz pitch angle
scattering collision is four times the neoclassical heat conduction predicted
using dTi/dr from the cold part of fo- In addition, an approximately equal
contribution is predicted due to (7,-e and Co,.
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Abstract

ALPHA PARTICLE LOSS IN TOKAMAKS.
Rapid alpha particle loss is examined for tokamaks. It is found that the dominant mechanism is

ripple induced stochastic trapped particle diffusion. A very simple loss criterion allows the rapid estima-
tion of total alpha particle loss. The results agree reasonably with guiding center calculations. It is found
that the self-consistent response of a plasma equilibrium to toroidal field ripple can increase the ripple
magnitude. Plasma rotation generated by alpha particle loss is discussed.

I . INTRODUCTION

Presently, tokamak devices are just beginning to observe

high energy particle losses. Soon deuterium-tritium plasmas

with high density and temperature will operate with

significant fusion alpha particle production. This will test

mechanisms for rapid alpha particle loss, and the effects of

MHD and short wave length modes on alpha confinement.

In this work we examine the possibility of rapid alpha

particle loss. Results from guiding center studies ''•3'

have made clear the great sensitivity of the loss to

equilibrium parameters and the large amount of computing

necessary to obtain reliable results.

II. LOSS MECHANISMS

Table I summarizes the various diffusive mechanisms for

alpha particle loss. Each mechanism is described by a radial

diffusion coefficient D, which, using the approximate formula

111
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TABLE I. ALPHA TRANSPORT COEFFICIENTS

Mechanism Equation Value (m2 /sec)
P 1 /?

symmetric neoclassical Dbn-f~vsl^p^ <z 0.044

symmetric neoclassical Dbn-s~vsl^c'p^2/e^/'2 °'^
superbanana (ripple) D ,.=v r /a 6 1.8x10"^

SD-U i 2 p I/? 3
superbanana (ripple) D =v r /a e 4.3x1O~:S

banana-drift (ripple) Dbd=vi6^/2n9/4q13/i*pR/e3/21.7x10"2

1/2 ~2 2 2
stochastic regime (ripple) D =s (n/n, )uB<J J >

MHD (n=m=1, 6=0.01.) 39.6

TF(n=12, 6=0.001) 4.75

electrostatic turbulence DE=(n/nb)vE<J J
2> 0.51<0.022>

=1.1x10~2

magnetic turbulence Db=(ir/nb)(v,.b)
2<J J > 2.8<0.022>

=6.2x10"2

xa = a /(4D) (a is the tokamak minor radius), provides an

alpha confinement time TO. "Acceptable confinement" of the

alphas then holds when T >T •,, with T -, the slowing-down

time. For definiteness, we shall evaluate the various D's at

r=a/2 for a particular set of INTOR parameters: R = 5.3m, a

= 1.0m, B = 5.5T, ne(a/2) = 1.5 x 1O
2Om~3, qo = 1.2, q(a/2) =

1.3, q'(a/2) = 0.4, Ti = Tg = T, with T(a/2) = 8keV, T(0) =

20keV, and with the number of TF coils n = 12. The

qualitative results are similar for other machines with

parameters in the range of TFTR to ITER. For the INTOR

parameters, one has rgl = 0.15 sec, so that D ̂  a2/(4ta) =

1.7 m /sec or greater is unacceptable.
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Theory exists for diffusive alpha transport due to

axisymmetric ("neoclassical")5'6, ripple7'8'9'10'11, and

turbulent mechanisms. The first five of these are

collisional mechanisms, all linear in either the slowing-down

frequency vsl=Tsl or the perpendicular scattering

frequency \> . The rest (below the second line) are

collisionless. Dbn-f and Dbn-s are the 'lfVast" and "slow"

variants of the banana transport appropriate to alphas, the

former applying when the alpha birth speed vQ is so much

greater than the critical speed v^ that pitch angle

scattering may be neglected [e(vQ/vb)^>1 ], and the latter

applying in the opposite limit [e(.vQ/v^)^ > 1].
 D

sb-t
 and

Dsb_r are two limits of "superbanana" ripple transport, in

which the geometric parameter o = e/(nq6) is small enough

that alphas can entrap in the ripple wells over a significant

region of the poloidal plane. The quantity 6 = 6B/B

characterizes the magnitude of the field perturbations, due

to MHD modes or to TF coils, i.e. the field has the

approximate form B = Bo[1+6cos(m9 - n<j>)]. When 6 is below

the threshold value 6S needed for the stochastic regime to be

operative, the banana centers of toroidally trapped alphas

can still drift due to the ripple, at the collisional

"banana drift" rate D M < The Bessel function factor <J2J2>

occurringin DE and D^ is due to gyroradius and bounce orbit

averaging , and makes these processes negligible for alpha

particles. From Table I, one notes that, basically because

alphas are nearly collisionless, the collisional mechanisms
7 8are weak, and one is left with the "stochastic regime" ' ,

governed by D .

III. RIPPLE INDUCED STOCHASTIC LOSS

Stochastic ripple loss is easily understood. The banana

tip position of a toroidally precessing trapped particle is
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modified by the ripple. When the toroidal bounce position is

modified by an amount comparable to a ripple period, the

ripple phase of the drifting banana decorrelates in a bounce

time, and stochastic collisionless diffusion results. The

field magnitude at the banana tip is conserved, so the tip

diffuses approximately vertically until the banana is large

enough to intersect the wall. The diffusion constant is

large enough to result in particle loss in a time which is

short compared to the slowing-down time. The approximate

condition on the ripple magnitude <5 = 6B/B (peak to average)

for stochastic diffusion is, in a circular cross-section,

where N is the number of ripple coils, q the safety factor, p

the gyro radius, e the inverse aspect ratio, and q' =

dq/dr. The successive banana tip positions define a

mapping . The Chirikov overlap criterion for stochasticity

then gives Eq. (1) without the factor of 2 in the denomi-

nator, but numerical investigation of the map reveals that

the stochastic threshold is more accurately given by Eq. (1).

This identification of stochastic ripple diffusion as

the dominant loss mechanism makes it possible to very quickly

calculate an estimate for alpha particle loss, using an

analytic criterion. We have investigated global ripple loss

due to stochastic diffusion using the code RIPLOS. This code

reads numerically generated equilibria, which can have

arbitrary cross-sectional shape and pressure and current

distributions. It then produces a Monte Carlo-generated

alpha particle distribution and numerically evaluates the

local stochastic threshold condition, which is a

generalization of Eq. (1) to an arbitrary equilibrium. Shown

in Fig. 1 is the domain for stochastic loss given by this
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FIG. 1. Loss domain for stochastic ripple diffusion.
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with the guiding center code ORBIT and the curves with RIPLOS.
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criterion for an INTOR equilibrium. Because the ripple

magnitude is much larger near the field coils, the condition

given by Eq. (1) defines a loss domain bounded by a curve C.

Thus trapped particles can be

counted lost if their banana tip is located outside the curve

C. This very simple code allows a rapid examination of alpha

particle loss as a function of equilibrium parameters.

Comparison of the results with a full guiding center

calculation shows that reasonable confidence can be given to

this method, with a saving in computing time of approximately

four orders of magnitude. The dependence of the loss fraction

for fusion product alpha particles in INTOR and TFTR as a

function of the safety factor q at the limiter is shown in Fig.

2. Equilibrium scaling is used, with the entire q-proflle

increasing with q-limiter. The ripple at the plasma edge is 1%

in INTOR and 2% in TFTR. The very strong q-dependence arises

from the sensitivity of the threshold condition to q and the

steepness of the alpha distribution. As the curve C of Fig. 1

moves inward it causes rapidly increasing losses. The

flattening of the loss curve for very large q reflects the

fact that all trapped particles are lost. The curves in Fig.

2, each consisting of ten equilibria and using 40 000 particles

per distribution, took two minutes of computing time on the

CRAY, whereas a single point generated by the guiding center

code, using only 500 particles, took several hours for low q-

values. The strong sensitivity of the results to the q-

profile, a poorly known quantity, indicates that very high

accuracy is not worth the expense. Additional losses by MHD

modes such as the sawtooth are also being studied using these

methods. The magnetic perturbation produced by a sawtooth

causes additional losses, both by moving trapped particles

across the loss boundary C and by causing some passing

particles to become trapped. Particle collisions also



IAEA-CN-50/D-II-4 117

contribute in this manner. Improved versions of RIPLOS should

be capable of greater accuracy in loss estimation.

Stability of an equilibrium with respect to MHD modes

makes high-q operation preferable, but these results indicate

that better MHD stability must be paid for by increased alpha

particle losses.

IV. MHD RIPPLE ENHANCEMENT

The sensitivity of the alpha particle loss to the magni-

tude of the toroidal field ripple makes accurate determination

of this quantity important. We have calculated the ripple

magnitude self-consistently1^ using a three-dimensional MHD

equilibrium code , and we have found that the effect of

currents in the plasma on the ripple magnitude is

substantial. Table II surveys the results of a calculation for

a circular cross-section tokamak with major radius 1.75 m,

minor radius 0.6 m, and 16 toroidal field coils with a 1%

ripple at the plasma surface, with 6=0% and 8=1$.

TABLE II. RIPPLE FIELD VARIATIONS O N DIFFERENT MAGNETIC
SURFACES
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The radial position of the outmost point on each magnetic

surface is given in the third column. The fourth column

contains the values of the function (Bll)/Bs)/(Rl))/Rg)
N~'1, with B^

the maximum ripple field on a magnetic surface, B s the maximum

field ripple at the plasma surface, and R^ and Rs the

corresponding radial positions. If the only change in the

ripple magnitude were due to the Shafranov shift (i.e. the

axisymmetric outward displacement of the surfaces), these

numbers would all be unity. A measure of the effect of the

Shafranov shift on the ripple field magnitude, the function

((B^/B S) S = 1«J/(B ( | )/B S) B. 0 5J, is given in the last column.

The effects will be especially important for config-

urations with higher values of beta. The pressure driven

currents are proportional to beta at low beta, suggesting that

the effect of these currents on the ripple will scale like

beta. Similarly, we would expect them to scale with the Ohmic

current density. The increased current to be expected in

configurations with strongly shaped cross-sections should

enhance the effect. Taken together, these scalings suggest

that, at B=5% and qCyiinder
=2) tne enhancement of the ripple

due to the poloidal component of the plasma current will be

about 60% at surface 12 (r/a = 0.6) and 30% at surface 16 (r/a

= 0.8). The somewhat smaller effect due to the Shafranov shift

must be added and this gives an overall effect of about a

factor of two. Obviously, these estimates of the importance of

plasma current effects on the magnitude of the field ripple are

highly model dependent so that further study is necessary.

V PLASMA ROTATION DRIVEN BY ALPHA LOSS

Energetic alpha-particle losses n a caused by deviations

from axisymmetry, such as ripple, constitute a radial current

that must be neutralized by a corresponding current in the bulk

plasma. A neoclassical, axisymmetric model for the bulk plasma
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shows that this current arises from ion-ion collisions and

exerts a JrBQ/c azimuthal torque, which corresponds to the loss

of canonical angular momentum L = Ze¥na/c by alpha particles.

Consequently, a plasma losing alpha particles will

spontaneously start to rotate. The radial electric field

required to drive this current is given by j r = a E', where Ê ,

= E p + v^Bg/c is the electric field in a frame rotating with

the plasma and a is the orthogonal conductivity -* with the

value a = 1.6(ne r2vi eff/MR
2n|e) in the banana regime.
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Abstract

BURN CONTROL OF TOKAMAK PLASMA BY TOROIDAL FIELD RIPPLE.
Ripple losses of suprathermal alpha particles in a non-circular and high current plasma have been

investigated by using an orbit following Monte Carlo (OFMC) code. Ripple losses in a non-circular and
high current plasma are much smaller than those in a circular and low current plasma. By applying field
ripple with additional coils, more than 30% of the alpha power can be lost with an edge ripple of the
order of 3%. The power deposition profiles degraded by TF ripple are also estimated by the OFMC
code. The feasibility of burn control by the ripple degraded fast alpha confinement has been confirmed
with a 1.5-D tokamak simulation code in which the results from the OFMC code are taken into
consideration.

1. INTRODUCTION

There are several logical candidates for the burn control method. One of these
methods is the use of toroidal field ripple (TF ripple). An old theoretical prediction
is that the ripple induced ion thermal conductivity has a very strong temperature
dependence, x\ a Tj7'2. By using ripple transport with this feature, several authors
have studied burn temperature control [1-3]. Recent numerical and theoretical
studies [4,5], however, indicate that the temperature dependence of the ripple
induced ion thermal conductivity is weaker than is given by the old analytical expres-
sion. Therefore, burn control by this method is questionable. On the other hand, a
recent numerical investigation using an orbit following Monte Carlo code (OFMC)
shows that ripple induced alpha power losses may amount to 20-30% of the total
value [6]. Fast alpha particle losses of this order might be effective for burn tempera-
ture control. In the present work, we study the feasibility of burn control by using
the degradation of alpha particle confinement in the presence of ripple. Of course,
even if the ripple transport is less strongly temperature dependent, TF ripple might
be effective in reducing the plasma ion temperature to some extent. In the present
paper, however, we leave the effect as a margin for the control.

1 Kernforschungszentrum Karlsruhe, Postfach 3640, D-7500 Karlsruhe, Federal Republic of
Germany.
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FIG. 1. Geometry of plasma and first wall, contours of constant TF ripple and distribution of safety
factor given by MHD equilibrium code.

2. RIPPLE LOSS OF ALPHA PARTICLES

An orbit following Monte Carlo method is adopted to estimate the loss of
suprathermal alpha particles during slowing-down. The circular tokamak model
[4, 6] has been combined with an MHD equilibrium code [7] and has been extended
to follow the fast ions in a non-circular plasma. The speed of computation has been
improved by a factor of six. It is confirmed that calculation results for a circular
tokamak from the new OFMC code fairly agree with those from the OFMC code of
the circular version.

Some geometrical effects are taken into consideration. As is shown in Fig. 1,
an up-down asymmetry field ripple, that is, lower field ripple in the direction of the
gradient B drift, is employed to avoid localized heat deposition on the first wall by
ripple trapped loss particles [8]. The finite Larmor size of particles is taken into
account when they hit the first wall. The wall shape used in the present work is also
shown in Fig. 1. The calculation parameters are summarized in Table I.
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TABLE I. CALCULATION PARAMETERS

Major radius R, = 7.5 m

Minor radius a = 1.8 m

Toroidal field B, = 7.0 T

Plasma temperature Te(*) = T^Cl - * ) o s

Ti(¥) = Ti0(l - *) 0 - 8

TD(*) = TT(*) =

Plasma density n,.(¥) = ne0(l - *) 0- 4

nD(*) = nT(¥) = rij

n# = 2.0 x 1020 m"3

Plasma current j(¥) = jo(l - ¥ ) 0 5

. . . . Ip = 15 MA

Effective Z Zeff = 1.5 (uniform)

Charge number of impurity ion Zimp = 8.0 (oxygen)

Number of toroidal field coils N, = 12

In conjunction with burn control, the primary interest is in the dependence of
the fast alpha losses on the field ripple amplitude. The solid curve in Fig. 2 shows
the integrated power loss fraction, GL, and the dashed curve represents the particle
loss fraction, DL. A rather broad current profile is employed to keep the safety
factor on the magnetic axis q0 > 1.0 in a high current non-circular plasma as is
summarized in Table I. In this case, the low safety factor region covers a very wide
area of the plasma cross-section as is shown in Fig. 1. The ripple induced transport
of fast ions strongly depends on the local safety factor, q. Therefore, the calculation
results in Fig. 2 show much smaller loss fractions than those for the circular tokamak
with low plasma current [6]. In a non-circular, high Ip plasma with field ripple
5 S 1 %, the alpha particles are well confined when the burning stage is approached.
A field ripple of this order can easily be designed. By applying field ripple with
additional coils, more than 30% of the alpha power may be lost, with an edge ripple
of the order of 3 %. The birth fraction of banana trapped alphas to the total Fb is
shown by the thin dash-dotted line. It should be noted that in the high TF ripple
regime both GL and DL may exceed Fb. The major loss processes induced by TF
ripple are collisionless stochastic diffusion [9] and collisional diffusion [10, 11]. To
estimate the contribution of the former process to the total loss, collisionless ergodic
loss has been calculated by switching-off the collision operators. The results are
shown by the dotted curve in Fig. 2. The contribution of the collisionless ergodic loss
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FIG. 2. Integrated collisional power loss fraction (solid curve), collisional particle loss fraction
(dashed curve) and collisionless ergodic loss fraction (dotted curve) versus edge field ripple. The
integrated birth fraction of banana alphas and the collisional power loss fraction from the analytical
solution ofFokker-Planck equation with a loss cone coinciding with the banana region (large S approxi-
mation) are shown by thin and thick dash-dotted lines, respectively.
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FIG. 3. Dependence of power loss fraction on plasma electron temperature for T{ = Te (solid curve)
and T,o = 20 keV (dashed curve).

is about 60 to 70% of the total power loss, and its loss fraction agrees very well with
Fb in the high ripple region. On the assumption that particles scattered into the
banana region are lost promptly, the power loss fraction in the limit of high TF ripple
has been estimated analytically by solving the bounce averaged Fokker-Planck
equation [12]. The result (thick dash-dotted curve in Fig. 2) indicates that about 45%
of the total power may be lost for the parameters listed in Table I. The numerical
power loss fraction approaches this value of loss in the high TF ripple region. It is
evident from Fig. 2 that, besides the above-mentioned major loss processes, pitch
angle scattering which pushes transit particles into the banana region is of great
importance, even though the initial energy of alpha particles is extremely high.
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c^ 2 . 0 - 1

1.0

FIG. 4. (a) Profiles of power density deposited to bulk plasma Pjfor various TF ripples (solid curves)
and profile of birth power density of alpha particles Pb (dotted curve), (b) Distributions ofPJPb (solid
curves) and local birth fraction of banana trapped particles fb (dotted curve). Distribution of PJPb

from analytical solution of Fokker-Planck equation with banana loss region (dashed curve), (c) Distri-
butions of ash source for various TF ripples.

The solid curve shows that the loss fraction increases with the plasma tempera-
ture on axis, T^ (=Ti0), for the edge field ripple of 80 ~ 2% in Fig. 3. To inves-
tigate the temperature dependence of the loss, calculations with constant Ti0

(=20 keV) have been made; these results are shown by the dashed curve. By
comparing these two curves we see that the temperature dependence of the loss
mainly comes from the increase of the slowing-down time and the ion drag with Te.
The increase in the fraction of alpha particles born near the plasma periphery with
T; may cause the difference between these two curves. This feature of ripple loss is
favourable for burn temperature control.

Profiles of the power density deposited to all the plasma charged particles, Pd,
are shown in Fig. 4(a) for d0 = 0, 2, 3, and 4%. The birth profile of the alpha
power density, Pb, is also shown by the dotted curve. In an axisymmetric system
(60 = 0), Pd can approximately be given by Pb. Figure 4(a) shows that it is easy to
degrade the power deposition by TF ripple. Profiles of the local ratio Pd/Pb are
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shown in Fig. 4(b). We note that PJPb is almost uniform in space and is approxi-
mately given by 1 - GL. The dotted curve in Fig. 4(b) is the distribution of the birth
fraction of banana trapped alpha particles fb. In the presence of higher field ripple
80 5: 3%, the ratio Pd/Pb may be less than 1 - fb. The Fokker-Planck solution of
Pd/Pb for large TF ripple approximation is also plotted in Fig. 4(b) by the dashed
curve (F-P). Not only the integrated power loss fraction GL, but also the local Pd/Pb

from the OFMC code agrees fairly well with the values from the analytical solutions
in the high TF ripple region.

It is shown in Fig. 4(c) that TF ripple is very effective in degrading the ash
source profile. Figure 2 also shows that a large amount of alpha particles (about 50%
of alphas for 50 > 3%) may be removed from the bulk plasma during slowing-
down. In the expectation of a further ash exhaust, a simulation of the ICRF heating
in the presence of high TF ripple has been carried out by using the same OFMC code
with an ICRF heating operator [13]. Preliminary results indicate that more than 70%
of the slowed-down alphas may be removed by the second harmonic ICRF wave
simultaneously with plasma heating. The order of the RF input power is about
100 MW.

An important point in burn control by TF ripple is the heat loading on the first
wall due to loss particles. The peak heat load averaged over the toroidal angel at the
first wall, (Hwall), and at the divertor plate, (Hdiv), are shown in Fig. 5 versus
(Rsep - RaX)/a, where R^p is the major radius of the separatrix point and Rax the
major radius of the magnetic axis. These heat loads, (Hwa]1) and (Hdiv), are normalized
by the total birth power of the alphas. The ratio of the power integrated over the first
wall to the total power loss Fwal! is also plotted in Fig. 5. It should be noted that
almost all loss alpha particles impinge on the divertor plate if R^p ~ Rax. A rough
estimate of the allowable heat load on the first wall is ~ 1 MW • nr 2 and of that on
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plate, (H^J, versus separatrix position. The ratio of the power loss integrated over the first wall to the
total loss FwaU is also shown by the dash-dotted curve.
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the divertor plate ~10MW-m"2. The total birth alpha power for plasma
parameters listed in Table I is about 400 MW. In this case, the separatrix position
of (Rsep - Rax)/a « -0.2 satisfies both conditions given above. The local heat load,
depends, however, on the angle of incidence of the loss particles. Therefore, a
detailed study with a realistic geometry of the first wall is called for.

3. CONTROL OF BURNING PLASMA

Taking the results from the OFMC code into account, we obtain the thermal
equilibrium parameters by solving a simple steady state power balance on the
assumptions of T( = Te, ^ = n^ (1 - ^ ) 0 5 , and a thermal conductivity of
X = 2 x lO^/neo (m2-s"!). Figure 6 shows the equilibrium lines in the (Ti0, n^)
space for integrated power loss fractions of GL = 0, 20, 40%. The maximum
power loss fraction by TF ripple is about 40%. Therefore, the shaded region in Fig. 6
may be considered to be a controllable region. For the demonstration of burn control
with a 1.5-D transport simulation code, we select n^ ~ 2 X 1020 m"3 and
Ti0 « 15 keV as the point of operation.

The burn control scenario by TF ripple has been confirmed by using a 1.5-D
transport simulation code in which the transport coefficients are adjusted such that
the energy confinement time TE is about 2 s in the burning phase. Other parameters
are listed in Table I. It is desirable to operate the burning plasma near a thermal
equilibrium point, which can be found by checking the decay/growth of the neutron
count rate In after the turn-off of the NBI power. On the assumption of a back-
ground field ripple (the ripple from the TF coils) of 50 '« 1.0%, the additional
ripple A50 is superposed after the self-ignition, according to a simple feedback
scheme: A50(t) = A5OmG (In(t) - In0)/In0; 0 < A50 < A6om, where A50m and G are
the maximum ripple (~2%) and the feedback gain, respectively, and In0 is the

30

20

10

p o w e r l o s s

2 3

ne0 (102°m-3)

FIG. 6. Thermal equilibrium lines for various power loss fractions.
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FIG. 7. Time evolution of ion temperature on axis Ti0, fusion power QF and TF ripple ASQ. Solid and
dashed tines correspond to results with and without burn control, respectively. Time evolutions with a
sudden change of the thermal equilibrium point from 1200 MW to 600 MW at t = 25 s are shown by
dash-dotted curves.

neutron count rate for the reference operation point. Figure 7 shows the time evolu-
tion of the ion temperature on the axis Ti0, the fusion power QF and the additional
field ripple A50, where solid and dashed lines correspond to the results with and
without feedback control, respectively. NBI is turned off at t = 9.0 s. After profile
modification, the plasma self-ignites at t = 11.0 s. The fusion power at the
equilibrium is about 1200 MW, and the reference operation point is set at 1300 MW.
A low additional ripple of ~ 0.5% is sufficient to control the plasma near the refer-
ence point, and the ripple loss remains less than 13 MW. The fusion power can be
controlled up to 2200 MW within a maximum ripple of 2%. When the difference
between the equilibrium and the operation points is increased, the ripple loss exceeds
100 MW. The dash-dotted lines in Fig. 7 show the results for the case that the
thermal equilibrium point suddenly moves from 1200 MW to 600 MW at
t = 25.0 s. By reducing the reference value of In0 and the resulting increase in
energy loss with the maximum ripple, the plasma is moved to the new equilibrium
state after 3.0 s, and afterwards it is stably controlled with a lower field ripple of
A<50 ~ 0.6%.

4. CONCLUSIONS

The conclusions of the present investigation may be summarized as follows:
(1) Ripple loss in a non-circular and high current plasma is much smaller than that

in a circular and low current plasma.
(2) Collisional effects are of great importance for the estimation of ripple induced

power and particle losses.
(3) By applying field ripple with additional coils, more than 30% of the alpha power

may be lost with an edge ripple of the order of 3 %.
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(4) About 50 % of the alpha particles are removed from the plasma by a TF ripple
of the order of 3% during slowing-down. TF ripple is effective not only in
degrading the power deposition but also in reducing ash accumulation.

(5) The peak heat load due to loss alpha particles on the first wall and that on the
divertor plate are estimated. Almost all loss alphas impinge on the divertor plate

if Rsep ~ Rax-
(6) The feasibility of burn control by ripple degraded fast alpha confinement has

been confirmed with a 1.5-D transport code.
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Abstract

NON-LINEAR MHD STUDIES IN TOROIDAL GEOMETRY - DISRUPTIVE PHENOMENA IN
TOKAMAK PLASMAS.

Sawtooth oscillations and related fluid excitations are studied analytically and computationally,
and some modifications relevant to high temperature regimes are presented. — The role of the ideal
kink in the sawtooth crash and a new theory of density limit disruptions are discussed.

1. NONLINEAR MHD STUDIES IN TOROIDAL GEOMETRY

A. Y. AYDEMIR. R. D. HAZELTINE, M. KOTSCHENREUTHER,

J. D. MEISS, P. J. MORRISON, D. W. ROSS. F. L. WAELBROECK,

and J. C. WILEY

Sawtooth oscillations and related fluid excitations are studied analytically
and computationally, and some modifications relevant to high temperature
regimes are discussed.

1.1 Toroidal Studies of Sawtooth Oscillations

Tokamak sawtooth oscillations are studied computationally with a nonre-
duced, fully toroidal, resistive MHD (magnetohydrodynamic) model that in-
cludes ohmic heating and parallel and perpendicular thermal conduction.

We examine the effects of transport on the type of sawtooth oscillations
using simple models for the perpendicular heat transport coefficient, KJ.. With
a constant K±, simple, periodic sawtooth oscillations are seen (Fig. la). When
the time evolution of «x is coupled to the dynamics by letting Kj_ ~ p~1^2,

* Supported by the US Department of Energy.
1 Present address: Institute for Fusion Studies, The University of Texas at Austin, TX 78712,

USA.
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FIG. 1. (a) Computational soft X-ray signals for the simple sawtooth oscillations produced when a
constant-Kx model is used. The top figure is from the central channel, the middle one through the
inversion radius, and the bottom one from a channel outside the inversion radius, (b) Computational
ECE (local temperature) measurements for a set of complex sawteeth obtained when KX ~ p'm. Top
figure: magnetic axis, middle figure: further out along the major radius, but within the inversion radius,
bottom: outside the inversion radius. Times are normalized to the poloidal Alfven time, rHp. Data are
rotated with a period of 250 rHp.

where p is the pressure, we observe more complex sawtooth behavior involv-
ing giant sawteeth with temperature modulations of order unity, interspersed
with smaller oscillations, some of which exhibit multiple partial relaxations
(Fig. lb). Note that the density is assumed to be constant in our model.
Thus, the terms pressure and temperature will be used interchangeably in
this section. We observe that the off-axis minima in the q - profile (cause of
compound sawteeth) is not necessarily associated with a hollow temperature
profile, but that it can result from a contraction of the plasma column due to
large heat flux to the wall when «j_ ~ p~1/f2, thus large near the wall.
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In order to explain the crash times of ~ 100/Ltsec , an ideal, pressure driven
(quasi-interchange) mode was proposed as the crash mechanism [1]. Linear and
nonlinear studies [2,3] of these modes in weak shear equilibria have indicated
that they may in fact be responsible for some of the recent experimental ob-
servations from large tokamaks. However, in our self-consistent studies where
the sawtooth oscillations are followed on a transport time scale, we find the
role played by the ideal quasi-interchange mode to be insignificant. During
the sawtooth ramp, we observe a brief period during which the ideal mode is
active. However, the weak shear q — profile with q JS 1 in the central region is
modified by ohmic heating such that, first, we see q ^ 1 in the center, which
converts the ideal mode into a resistive interchange, with a similar eigenfunc-
tion but with a growth rate that is now a function of the resistivity. Then,
as q0 continues to drop below one, the weak shear conditions are lost, with
q0 Js 0.9, and the mode becomes a resistive kink. The sawtooth crash is thus
caused not by an ideal quasi-interchange mode, but by a resistive kink, the
growth rate of which is seen to scale as 7 ~ S'1^3.

These results were obtained with S fz, 2 x 106. For large tokamaks, 5 > 108.
Thus, at realistic values of 5", the disparity between the transport time-scale,
the time scale on which the q—profile changes, and the growth time of the

(a)

0.05

-1.0

FIG. 2. (a) Pressure contours towards the end of a typical simple crash, showing a crescent shaped
high pressure (temperature) region that was previously associated only with quasi-interchange modes;
(b) pressure along the midplane.
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the unstable period in Fig. 3 is much longer than these gross diagnostics would indicate.
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ideal mode is enhanced. Thus, one might expect an ideal quasi-interchange-
driven crash under more realistic conditions where the mode has sufficient
time to grow. However, without significant flux reconnection, that scenario
seems unlikely, as earlier studies have found this mode to saturate in a helical
equilibrium [2,3]. Although the displacement of the core away from the center
during this helical shift may be interpreted as a sawtooth crash, eventual
poloidal symmetry observed experimentally after the crash was never seen in
those studies.

Our scaling studies with the resistive kink mode, however, yield promis-
ing, if not conclusive, results. Extrapolating from results obtained with S G
[2 x 104 - 2 x 106], we get crash times of 500 - lOOO^sec for S = 108. Al-
though slower than experimental observations, this result does not rule out the
Kadomtsev reconnection process as the cause of the fast crashes. Our studies
are continuing in this area, and further exploration with different transport
models may indeed give crash times of ^ lOO^isec.

X-ray tomography studies from JET [4] indicate a cold "bubble" formation
during the crash that is partially surrounded by a hot crescent shaped region.
This was contrasted with the cold, crescent shaped island of the Kadomtsev
model, and in order to explain this presumed anomaly, again the quasi- in-
terchange mode was invoked [1]. Indeed, nonlinear studies [2,3] did find close
agreement between the nonlinear phase of this mode and the bubble obser-
vations from JET. However, we find that a hot crescent is formed during
the crash even with resistive kink modes (Fig. 2). This topological feature
is found to be a finite-/? effect that results from the hot core being displaced
violently towards the q — 1 surface, where it gets deformed into the observed
semi-circular region partially enclosing a cold "bubble". Thus, we do not see
an inconsistency between this feature of the JET crashes and the Kadomtsev
model.

An important issue in the recent literature has been the sudden transition
from the sawtooth ramp to the crash. This fast trigger has been previously
interpreted to imply that the mode causing the crash has to be "turned on"
in a time shorter than the crash time TC itself. This point is also contradicted
by our studies. We see an unstable mode growing for a substantial portion
of the sawtooth period (Fig. 3). The crash represents the final stages of the
nonlinear evolution of the mode, the resistive kink in our case, and occurs
quite a long time ( ^ 10rc) after the mode goes unstable. During most of the
period when the mode is growing, it is not detected by gross diagnostics such as
island width, the total kinetic energy, or the displacement of the temperature
peak. In fact, observations of these quantities would erroneously lead one to
believe that the crash is caused by a mode triggered only a brief period (~ rc)
before the crash (Fig. 4). The fast trigger is a result of the hot core being
displaced rapidly by a mode that has gone through many e-folding periods,
not by a mode that suddenly goes unstable. Admittedly, this argument does
not quantitatively explain the trigger problem. However, it indicates that
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(b)

FIG. 5. Field line plots during a crash (simple sawteeth): (a) at the top of the crash;
(b, c) during the crash, and (d) at the bottom of the crash.

correlating the trigger with a mode that is switched on in a period of ~ rc is
incorrect.

For the plasma /? considered here (toroidal /? ~ 2%, e(3p ~ 0.1), the crash
is followed by a compressional wave that propagates out to the wall; thus, it
is felt almost simultaneously at all radii. The crash represents a significant
perturbation to the plasma column. Flattening of the pressure and current
density profiles in the center modifies the global MHD equilibrium, and the
column readjusts itself to establish a new equilibrium. The pulse that propa-
gates outward from the inversion radius represents this adjustment. The effects
of this ballistic wave on the diffusive portion of the heat pulse and thermal
diffusivity, XHp, measurements need to be investigated further.

The helical shift in the pressure profile, which starts the crash, is accom-
panied by the growth of an rn = 1 island. The evolution of the island and
development and healing of stochastic field lines are shown in Fig. 5. At the
top of the crash, Fig. 5a, and further down the crash in Fig. 5b, islands of
different helicities are present. In addition to the large m = 1 island, one can
easily identify (ro,n) = (2,1), (3,2), and (5,2) primary island chains. Note
also the formation of secondary island chains inside the 9 = 1 surface. As
the crash proceeds, interaction of the secondary islands leads to a large band
of stochastic region around the island separatrix (Fig. 5c). The development



IAEA-CN-50/D-III-l 137

of this stochastic layer, however, does not prevent full reconnection. Stochas-
tic regions develop also outside the inversion radius, around the separatrices
of other primary islands such as (m,n) — (2,1), (3,2), and (4,3), as seen in
Fig. 5c, and at the bottom of the crash in Fig. 5d. However, these tend to stay
as bands separated by good flux surfaces, since the primary islands never be-
come large enough for complete island overlap. After the crash, the stochastic
regions gradually shrink and good flux surfaces form again.

1.2 Analytic Studies of the Quasi-Interchange Mode

Simulations of the entire sawtooth cycle reveal that the quasi-interchange
begins growing relatively early during the ramp phase of the sawtooth oscil-
lations, but is not the direct cause of the crash. The failure of this instability
to cause a disruption shortly after the onset of growth can be attributed to its
nonlinear saturation. We have studied these effects analytically by generalizing
the dispersion relation found previously for the ideal quasi-interchange [5,6].

The free energy liberated by the 1/1 interchange results in a positive A'
at the q = 2 surface. The interchange driving forces enter A' through the
coefficient a given linearly by [7]

At finite amplitude, this term is found to be reduced from its linear value by
an amplitude dependent correction: a = <7;,n — A£2. We have calculated A for
two model current profiles: a constant current profile bounded by a current
sheet, and a gaussian profile of 1 — l/g. Both cases yielded positive values of
A, resulting in saturation of the tearing mode growth.

1.3 Kinetic Modifications

The resistive MHD results for tearing mode behavior are significantly mod-
ified by kinetic effects in the present generation of high temperature toroidal
confinement devices. We find that neoclassical rotation damping from toroidic-
ity often stabilizes m — 1 tearing modes. This offers an explanation for the
experimental measurements of q < 1 in steady state, which implies that re-
connecting tearing modes have been suppressed. For m = 1 modes, the mode
frequency w is typically satisfies v > w > v (Bp/B)2 with v the poloidal ro-
tation damping rate. Using previously derived neoclassical equations [8], we
obtain the following normalized linearized equations for flux tp, potential 4>,
and pressure p. All times and distances are normalized to the classical m = 1
tearing mode growth time 7"1 and mode width xi:

f ^ = 0 (2)
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-i(u>-u>tt)1> + ix{t-p) = - J 4 (3)

<Ptb
up = u>,<f> + xf— (4)

where w»e and w*,- are the electron and ion diamagnetic frequencies; nonzero
/ = [pi/xLj gives semicollisional effects, where pt- is the ion gyroradius. The
first equation is the vorticity equation with neoclassical damping and inertial
enhancement [9] / ~ e~3/2; the second equation is Ohm's Law with parallel
pressure gradients, and the last equation is the pressure evolution equation.
Bootstrap current effects are small here, as are parallel sound flows for these
frequencies.

Equations C2-4) can be solved analytically for / = 0; for Te = X1,- the
mode stability criterion in unnormalized units is u%v > 7^. In the banana
regime, v ~ f«e 2; surprisingly, this then is an electron beta criterion
j3e > QAt-7lA(dq/dr){d\npldr)-1. For realistic profiles, this is 0e > .002-.003.

Numerical solution of Eqs (2)-(4) has been carried out for finite / and
for finite A' (which arises from toroidicity). Semicollisional effects (/) reduce
the stabilizing effects of rotation damping, but the mode is still often stable
for many machines, particularly near reactor parameters. However, the layer
width can become smaller than an ion banana width; then Eqs (2)-(4) are not
valid. The ions become adiabatic, damping effects are reduced, and semicolli-
sional kinetic effects dominate. In the semicollisional regime, new terms arise
from including a radial electric field and adiabatic-ion induced electrostatic
potentials. A nonlinear analysis indicates that even in this regime there can
be a strong barrier to island growth for island widths less than the banana
width.

2. DISRUPTIVE PHENOMENA IN TOKAMAK PLASMAS

R. E. DENTON , J. F. DRAKE, and R. G. KLEVA

The role of the ideal kink in the sawtooth crash and a new theory of density
limit disruptions are discussed.

2.1 The Role of the Ideal Kink in the Sawtooth Crash

In order to study the role of the ideal kink mode in causing the sawtooth
crash, we have derived a set of low beta toroidal reduced MHD equations.
These are derived through an expansion in e(= a/R), and will be presented in
a future publication. Corrections to the vorticity equation are retained to two
orders higher than that required in a cylinder, while elsewhere only one higher
order is retained. The equations have been incorporated into our 3-D sawtooth
code. They include finite pressure, however we will only present results at zero
beta.
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FIG. 6. (a) Profiles of safety factor q; (b,c) profiles ofm/n = 1/1 and 2/1 toroidal current for linear
non-monotonic q ideal kink with Aq = 0.2 and e = 0.1 using the full MHD code; (d, e) same profiles
using toroidal reduced MHD code.

If the q profile is nonmonotonic [with qmm off axis as in Fig. 6a(i)] and
9min > 1) then the ideal kink mode is unstable in toroidal geometry even at
zero /? [10]. In a test case using both the full MHD code [2] and the reduced
MHD code for Aq = q0 — <7min = 0.2 and qmin = 1.0 with e = 0.1, the linear
growth rates agreed to within 5% and the linear eigenmodes (Fig. 6b-d) were
in good agreement.

Nonmonotonic^ profiles can arise naturally if the temperature profile is flat
or hollow or if 2eff is peaked [11]. It has been speculated that ideal sawtooth
crashes might result from, such ^-profiles as q^n drops toward one from above
due to thermal instability [10], We will examine the possible role of this mode
in causing the sawtooth crash over a range of resistivities r)(= l /S) down to
•q = 2.5 x 10"7.

When we run the reduced MHD code nonlinearly at r\ = 10~5 starting with
a q profile with a very large Aq = 0.2 at e = 0.25, the n = 1 ideal kink displaces
the plasma to one side on a fast time-scale, ~ IOOT^. The temperature only
symmetrizes as q slowly flattens and falls below one on a resistive time scale.
However, when we start with profiles evolved self-consistently in one of our
cylindrical runs [11] having Aq = 0.03 with q^^, > 1 [Fig. 6a(i)], and run
it at e = 0.25, an ideal displacement does not occur at rj — 10~5, nor at
r/ — 2.5 X 10~6. As q falls, the ideal mode does become unstable; however,
before it can grow to large amplitude, q falls below one and the ideal mode
becomes stable. As q continues to drop, resistive reconnection results and
the persistent sawteeth are Kadomtsev-like. When the central temperature is
plotted versus time, the sawteeth appear more rounded than in a cylinder and
they have larger precursor oscillations, apparently due to a reduced tearing
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mode growth rate in a torus at zero /?. Thus, the ideal kink is not important
for resistivities down to 77 = 2.5 X 10~6.

At lower resistivity, an ideal displacement can occur. The rate at which
q falls goes like 77, and lower 77 gives the mode more time to grow before q
drops below one. Time dependent temperature traces at radius r/a = 0.29
and the kinetic energy growth rate are displayed in Figs 7a,b for a run with
77 = 2.5 x 10~7. As ^min dropped, the m/n = 1/1 mode, somewhat localized
to the q = 1 surface, became unstable. But as the mode grew nonlinearly,
the m/n = 2/2 mode and then the 3/3 mode dominated even though the
linear 1/1 growth rate was the largest. A 3/3 saturation occurred with three
cold spots bulging in toward the center, but leaving the central temperature
relatively unaffected (Fig. 7c), and this pattern persisted.

Efforts are under way to run with lower 77. Since the n = 1 mode goes
unstable at a higher value of ^min than the n > 1 modes, the n = 1 mode may
dominate at lower 77. In considering the relationship of these results to the
sawtooth crash, many questions remain, such as what is the time-scale of the
displacement at lower 77, how can a displacement lead to a crash of the central
temperature, and how does q evolve after a crash.

In order to study the behavior of discharges with ^-profiles like those mea-
sured on TEXTOR [12], we have also run cases with qo = 0-7 at e = 0.25.
Parabolic q-profiles were found to reconnect resistively all the way to the cen-
ter at values of 7 as low as 2.5 X 10~7. We have found that by flattening the
<j-profUe [12], we can obtain linear stability to the n — 1 resistive mode for a
fixed ^-profile [Fig. 6a(ii)]. However, when we evolved this case nonlinearly,
the flat 9- region fell below one and magnetic reconnection began at the q = 1
surface and eventually raised q above one everywhere.

2.2 Density Limit Disruptions

An increase in the line averaged plasma density n beyond a critical value
nc ~ Bj,/qaR in tokamak discharges leads to violent MHD activity, a rapid
loss of energy confinement and the abrupt termination of the discharge. It has

1000 2000 3000 4000 -0.5 0 0.5

FIG. 7. (a, b) Time dependent traces of T02<), temperature at r/a = 0.29 and yKE, kinetic energy
growth rate for run described in text with rj = 2.5 x 10'7; (c) temperature contours at t = 4400 TA.
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been recognized for a number of years that line radiation from the cold edge
plasma plays a role in triggering the disruption, yet the mechanism by which
a benignly sawtoothing discharge abruptly evolves from a stable to a violently
unstable configuration has remained a mystery.

The relative stability of sawtoothing tokamak discharges is now well un-
derstood. In MHD simulations of such discharges the q — 2 mode and other
helicities remain either stable or saturate at small amplitudes. Two important
characteristics of these discharges account for their stability. First, current
profiles with q flat and near one across the center resemble a top hat current
distribution with q = I inside the plasma, which is marginally stable to all
tearing modes and external kinks [13]. Secondly, when q(r — 0) ~ 1, the large
difference in the pitch of the magnetic field between the q = 2 surface and
central plasma prevents the q = 2 mode from growing to large amplitude even
if it is linearly unstable [14]. A complete model of density limit disruptions
must therefore explain how line radiation from the edge plasma can cause the
abrupt transition away from the stable sawtoothing current profile and how the
magnetic shear between q — 2 surface and the central plasma can be reduced
(on a short time scale) so that the q — 2 mode can grow to large amplitude.
We present such a model.

We have completed simulations of density limit disruptions by incorporat-
ing a simple model for line radiation into the temperature equation of our 3-D
resistive MHD code1,

at
«ll(B • V)2T = - L (5)
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FIG. 9. Bubble injection during m = 1 kink mode.

The radiation function L is chosen to model line radiation from the low temper-
ature edge plasma; it is nonzero over the temperature range T^,, < T < Tmax,
with, an increasing amplitude to model the rising plasma density. A descrip-
tion of the code, which is based on the reduced MHD equations, has been pre-
sented previously [14]. In the present simulations the electric field at the wall
is adjusted to maintain a constant total current. The resistivity is evolved self-
consistently with the temperature using the classical relationship T] ~ T~3^2.
All of the computations presented were run at rj ~ 10~s.

The results in Fig. 8 show the effect of rising edge radiation on a typ-
ical current profile in a sawtoothing discharge [g(0) ~ 1]. As the radiation
increases, the edge temperature drops and the current which had been flowing
in the edge region is forced inward, producing a pronounced skin current. As
the current profile contracts, this skin current becomes larger and moves up
the gradient, successively destabilizing modes which are rational at progres-
sively decreasing values of q (e.g., 2/1, 3/2, 4/3, . . . ) . While the magnetic
islands associated with these modes can grow to moderate size, the islands die
away without affecting central confinement as the current profile continues to
contract. Ultimately, the skin current rises to the top of the current gradient
causing the minimum value of q to fall below one off axis. This current profile
is unstable to a q — 1 kink, which convects a bubble of cold, radiating edge
plasma into the center of the plasma column (Figs 9a-c). The bubble can be
clearly seen in the plot of temperature contours shown in Fig. 9d (same time
as Fig. 9c) and is similar to the bubble which is seen in tomographic analyses
of density limit disruptions on JET [15].
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The formation of the bubble is insensitive to the resistivity of the central
plasma since the reconnection occurs in the outer cold plasma region and not
in the hot plasma. Skin current profiles with q(0) ~ 1, which form just prior
to the bubble injection, are similar to those studied in connection with the
evolution of the ideal q = 1 kink [16] and the sawtooth crash [17]. In both
cases, a cold plasma bubble is injected into the central plasma on a time-scale
independent of the resistivity of the hot plasma.

The entire formation of the bubble can be calculated analytically in the
following idealized model. As the plasma density increases in a sawtoothing
discharge with q(0) ~ 1 and total current / , the edge radiation cools the edge
plasma, forcing the original current profile (solid line in Fig. 10a) to contract
and form a current profile (dashed line in Fig. 10a) with a skin current at r0.
The magnitude of the skin current is equal to the current Io which originally
flowed in the region r > r0. The (/-profile produced by this skin current (dashed
line in Fig. 10b) has an off-axis minimum at r0 with a value g^,, = 1 — Io/I.
The q = 1 rational surface lies in the region of cold plasma at rj = ro/qj^n.
This skin current profile is unstable to a q — 1 mode which reconnects the
reversed q = 1 helical flux in the cold plasma region r0 < r < r2, where r2

is given by r\jr\ - 1 = (2/grnin)ln(r2/ro). Following reconnection, the cold
magnetic island shrinks to a bubble of radius r-{, and is injected into the central
plasma. Plasma incompressibility requires that r\ = r\ — r\. The q profile
following injection of the bubble is shown by the dotted line in Fig. 10b.
Since the current flowing in the cold plasma bubble is low, g(0) is very large.
Conservation of flux in the hot plasma requires that a positive skin current
form at r& and a negative skin current at r2. The hot plasma occupies the
ring rb < r < r2 where q = I. The negative skin current is rapidly dissipated
by the cold edge plasma, while the total current is conserved, producing the
^-profile given by the solid curve in Fig. 10b. The bubble radius rb increases
rapidly with the skin current 70. The maximum possible bubble radius rj — r-i

FIG. 10. Current profiles (a) and q-profiles (b) before and following bubble injection.
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is reached when the fraction of the current outside the sawtoothing region
Io/I = (e - 2)/(e - 1) = .42, where e = 2.718.

The first phase of the disruption is completed with the injection of the cold
plasma bubble. The second phase of the disruption begins as a broad spectrum
of modes grows on the double valued g-profile produced by the bubble. These
modes progressively raise the minimum value of q by reconnecting the flux
across the hot plasma annulus: the 6/5 mode raises qm-m from 1.0 to 1.2, the
5/4 mode from 1.2 to 1.25, etc., until the 3/2 mode raises q^n above 1.5. At
this point the magnetic shear between the q — 2 surface and the plasma center
has been greatly reduced and the q = 2 mode reconnects across the entire
central plasma, raising q above 2 everywhere and throwing the remaining hot
plasma to the wall. The final growth of the q = 2 mode is insensitive to the
central plasma resistivity since the flux reconnection occurs primarily in the
region of cold plasma [18].
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Abstract

SUPERSATURATION MECHANISM OF TOKAMAK SAWTOOTH RELAXATION.
A theoretical and computational analysis using the full 3-D magnetohydrodynamic equations has

been carried out. It is found that while a slow supersaturation mechanism is continuing between a slow
current peaking and a slow m = 1 kink instability, a sudden crash occurs when an m = 1 large scale
non-linear unstable kink instability takes place, overcoming a non-linear crescent magnetic structure
which protects the flood of the supersaturation mechanism.

1. SUPERSATURATION MECHANISM

The JET experiment [1] has shown that the sawtooth crash must be related to
an ideal MHD mode rather than to the resistive tearing mode [2]. Since then several
theoretical ideas have been proposed [3-6]. Most of these ideas referred to the dis-
covery of a fast linear MHD instability. However, as Wesson et al. [3] themselves
stated self-critically, the introduction of a fast linear instability implies an essential
difficulty. The point is that as far as the linear instability is concerned, the growth
rate is essentially a continuous function of a physical quantity (e.g. the q-profile). On
the other hand, the physical quantity can change with the slow time-scale of the ramp
phase of the sawtooth relaxation (i.e. the resistive time-scale). Therefore, to reach
a required fast growth rate starting from a negative (or zero) growth rate at an early
time in the ramp phase, the time required for the instability must be proportional to
the resistive time, which cannot, usually, be as short as the MHD time.

One possible way of overcoming this difficulty is to invoke a non-linear MHD
instability. For a slowly evolving system to exhibit a violent change in a short time,
an initially stable system must develop into a supersaturated state where an excess
free energy is deposited without release. To sustain such a supersaturated state, some
dam-like structure must be constructed temporarily during the slow ramp phase of
the system.
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Here, we come up with a new physical model exhibiting the following features:
during the slow rising phase, the axial q-value reduces and touches the q = 1 line
by undergoing current peaking and an ideal m = 1 kink mode becomes unstable right
at the q = 1 surface. The growth rate is, as a matter of course, limited by the rate
of the q-profile change. As time goes on, the change in the current profile increases
and the unstable region expands, keeping a quasi-steady state where the growth rate
matches the change in the q-profile. Since the q-profile change is slow but steady,
a large temporal change occurs in the q-profile, creating an m = 1, crescent shaped
magnetic structure. This is a supersaturation state, where the q-profile lies largely
below the value of 1, but is stable with the existence of the crescent magnetic
structure.

2. THEORETICAL MODEL

We solve the full (three-dimensional) magnetohydrodynamic (MHD) equations
to fourth order accuracy:

(1)

dv - -
y = J X B - V P (2)

dB _ -
— - = V x (vxB) - V x foj) (3)

7 -£- = ~ V -pv + —I— p- V v + ri*j2 - •£- (4)
7—1 dt y— 1 T

where

^* = V + V*4 ' (5)

and T is a decreasing function of the minor radius, which is quasi-infinite in the cen-
tral region and T = 10 at the periphery.

Since the plasma flow energy is small compared with the magnetic energy, the
spatial derivative is taken up to the fourth order, and the time derivative is determined
by a fourth order accuracy Runge-Kutta-Gill method.



IAEA-CN-S0/D-HI-2 147

The torus is combined with a conducting cross-sectional wall. The equilibria are
calculated by solving the Grad-Shafranov equations for this geometry. The equations
are normalized by the toroidal magnetic field at the initial magnetic field value, the
half radius of the cross-section, the maximum density and the maximum temperature.
The resistivity is assumed to be proportional to T~3/2.

T=0 T=1100
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FIG. 1. Snapshots of poloidal field contour plots for t = 0-2600 rA.
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FIG. 2. Snapshots of q-profiles for t = 0-2600 TA,

3. NUMERICAL RESULTS

Shown in Fig. 1 are the contour plots of the poloidal magnetic field for
t = 0-2600 TA, where rA is the Alfve'n transit time. Figure 2 shows the q-profile at
three different times where t = 0, 1100 and 2600 TA. Evidently, the initially stable
q-profile changes gradually with the resistive time and touches the q = 1 line at the
axis at about t = 1100 TA. A gradual change develops in the poloidal field near the
axis, and the unstable region widens with time. The change is governed by the resis-
tive current peaking which depends on the resistive diffusion rj and the cooling rate T.
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FIG. 3. Snapshots of poloidal field contour plots for t = 3476-3533
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FIG. 4. Snapshots of q-profiles for t = 3325 and 3533 TA.
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FIG. 5. Temporal evolution of central region temperature. The solid line is the full MHD simulation
result, the dashed lines are the results when the magnetic structures of the m = 1 mode are removed,
and the dotted line is the result when the pressure of the m = l mode is removed at t = 2000 TA.

With the passage of time, the gradual increase in the poloidal field configuration
expands outwards, and the plasma flow pattern creates a crescent shaped poloidal
magnetic field configuration. From the Fourier analysis we learn that the dominant
unstable pattern is the m = 1/n = 1 mode.

A crash is shown in the poloidal plane of Fig. 3. Within 40 TA, a drastic
change occurs: the configuration becomes rather axisymmetric again. The cor-
responding q-profiles are shown in Fig. 4. Clearly, a sudden change has happened
on a very short time-scale of the order of the MHD time-scale. The temporal change
of the temperature in the central region is shown in Fig. 5. The thick solid line in
Fig. 5 represents the temperature change on this time-scale.

The crash occurs in the poloidal field configuration at about t = 3480 rA; the
return to the rather axisymmetric configuration takes place at about t = 3530 rA.

To see whether the sudden change is caused by the crescent shape of the mag-
netic structure or not, a numerical test was carried out to answer the question of
whether the crash can occur when the magnetic crescent structure is removed. In
Fig. 5, two arbitrary time-scales (t = 200, 2600 rA; a, b) are chosen. It is found
that, as soon as the crescent structure is removed from the original simulation, the
system undergoes a sudden crash, which indicates that a dam structure may prevent
the crash. Incidentally, the removal of the m= 1 structure of the pressure
(t = 2000 TA) demonstrates the existence of a structure which closely resembles the
initial one (dotted line c in Fig. 5), indicating that the pressure has an almost indepen-
dent structure. Similarly, the flow pattern is also removed at an arbitrary time. The
results show that no drastic changes have happened.
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4. SUMMARY

Our simulation runs have shown that the slow rising phase is created by a
balance between the current peaking due to heating and cooling and the slowly grow-
ing m = 1 kink mode. When the supersaturated rising phase continues, the balance
is suddenly released by the non-linear evolution of the stored magnetic energy over
the slow peaking rate. The results show that a balance is formed between the current
peaking and the non-linearly created crescent magnetic structure.
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Abstract

THEORETICAL STUDIES OF ENHANCED CONFINEMENT PROPERTIES IN TOKAMAKS.
In order to achieve the stated objectives of key future experiments such as CIT, it will be neces-

sary to maintain plasmas with confinement properties significantly improved over those observed in
auxiliary-heated L-mode type tokamak discharges. This underscores the importance of understanding
the physics responsible for the favorable trends exhibited, for example, by "supershot" discharges in
TFTR and by H-mode type divertor plasmas. In addressing this general issue, the paper reports results
of theoretical investigations dealing with: (1) the onset conditions of the microinstabilities most likely
to influence enhanced confinement behavior; (2) gyrokinetic particle simulations and analytic studies
of the saturation and transport properties of the most persistent forms of these instabilities; and
(3) detailed comparisons of experimental results with predictions from transport codes using appropriate
microinstability-based diffusivities and with local diffusivities from various theoretical models.

MICROINSTABILITIES IN ENHANCED CONFINEMENT TOKAMAK DISCHARGES

Previous studies [1-4] have established that drift-type

microinstabilities driven by trapped-electron dynamics and by

ion temperature gradients could account in large part for the

anomalous thermal transport observed in Ohmic and auxiliary-

heated L-mode type tokamak discharges. The present analysis
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emphasizes that their threshold conditions as well as spectral

properties can be significantly different when the distinct

features of the equilibrium distributions and profiles

characteristic of enhanced confinement plasmas are incorporated

in the calculations. For the supershot type discharges, the

non-Maxwellian response of the hot beam ions has now been

included in the eigenmode equation for n^-instabilities.

Analytic estimates have been obtained from a simplified sheared

slab model using a slowing-down-type distribution for the hot

beam ions, the usual Maxwellian-type ion response for the

target and thermalized beam populations, and the familiar

Boltzmann response for the electrons. For the moderate

wavelength modes most difficult to stabilize [i.e.,

bgd+riiXTj/Tg) > 1 with bs= k ^ , PgSCg/ftj and cs being the

sound speed], the threshold (TI^C) is roughly estimated to be

with T=Te/Ti? nes(Ln/LT)e with. Ln and L T being the density and

temperature gradient scale lengths, L is the shear scale

length, c.|, ce, and c^ are numerical coefficients of order

unity, a is the radial mode number, 5 D=(
L
n) j/(Ln)b, ^

Ln^b="d ln

(nb)eff/dr, (nb)eff
 is the unthermalized beam density

[with (nb)eff/nio assumed small]. Here n|° -bs( 1+T)/(x-bs) is

the threshold value assuming no unthermalized beam effects.

Equation (1) indicates that the threshold for n^ modes (nic)

tends to be improved (i.e., these modes become more difficult

to excite) if T,/To is increased. However, if radially

nonuniform toroidal rotation effects are taken into account,

T U C is found to be lowered with respect to Eq. (1) [5]. The

first condition is easily satisfied in supershots while the

latter is best avoided with balanced beam operation. The

analytical trends Just described are supported by numerical
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results from a comprehensive toroidal kinetic stability code

whose features are given in detail in Ref. [6]. For super-

shots, appropriate anisotropic distributions computed by the

BALDUR transport code are used in calculating the unthermalized

beam ion response. The results generally indicate that for the

computed values of n^ typical of the confinement region of

supershot discharges (i.e., n^<1)> the dominant modes are the

collisionless trapped-electron instabilities driven by

unfavorable magnetic drifts [7]. Since the r^-type modes are

apparently not excited in supershots and since the ne effects

(which further destabilize the trapped-electron modes) are also

weak in such discharges, the observed improvement in the

confinement properties appears to be consistent with the

theoretical trends calculated.

In addressing H-mode plasmas, ion transit resonances have

been included in analytic and numerical calculations for a

sheared slab geometry [8]. Results in the weak density gradient

limit show that the threshold becomes independent of Ln and can

be expressed by

(r1-) - 1.9 x [1 + T./T ]/L (2)
L T i • c

For inverted gradients (rij < 0 ) , instability is found to occur

for nj < n[~) with

These analytically derived criteria are well supported by

numerical results from WKB and Shooting Code programs.

Equation (2) compares reasonably well with estimates for ( L T i ) c

for toroidal n^-modes. It is also significant to point out

that in contrast to the positive T^ and flat-gradient modes,

the growth rate is much smaller than the real frequency even
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far away from the threshold for the negative n^-modes given by

Eq. (3). This feature in turn helps to justify the application

of standard weak turbulence procedures for calculating the

reduced anomalous transport associated with their presence.

Examinations of profiles characteristic of steady state H-mode

plasmas [91 indicate that some discharges are near the

threshold given by Eq. (2) and some are either near to or

violate the threshold given by Eq. (3). These results are

therefore suggestive that the theoretical picture presented

could be consistent with the improved confinement observed in

experiments such as DIII-D.

NONLINEAR GYROKINETIC STUDIES OF T^-INSTABILITIES

Realistic threshold studies such as those just described

continue to affirm the importance of n^-type instabilities. In

order to help formulate a sounder physics-based diffusivity,

the nonlinear properties of these modes have been the focus of

gyrokinetic particle simulations [10] using a newly developed

3D model and of improved analytic mode coupling

investigations. A dual spatial scale expansion, which allows

the background pressure gradient to be fixed in time, is

employed in the simulations to represent the quasistatic

profiles typical of tokamak discharges. Results have been

obtained for a 3D sheared slab with multiple rational

surfaces. Detailed studies of the radial structures of the

unstable T^-modes have revealed that the fundamental (4=0)

harmonics of the eigenmodes dominate the fluctuation spectra

and remain localized near the mode rational surfaces due to

Landau damping. On the other hand, higher radial eigenmodes

tend to move away from the rational surfaces and saturate at a

much lower level near their respective resonant points,

xi(=uLs/kvvti). With respect to global spectral features, the

simulations show that while the fluctuation spectrum for the
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potential decreases rapidly for large poloidal wavenumbers, the

spectrum for the ion pressure remains relatively constant.

This trend is supported by analytic estimates from nonlinear

mode coupling calculations in which the real frequency for the

dominant lowest harmonic radial eigenmode is taken to be

finite, i.e., |Re(to)|>Y, with Y being the growth rate. The

analytic predictions that the saturation level of the

fluctuations and the corresponding diffusivity are only weakly

dependent on L s are also in broad agreement with the simulation

results. More specifically, the steady state thermal

diffusivity Xi> which is found to be nearly an order of

magnitude lower than the quasilinear value at saturation in

these collisionless studies, scales as ( L g )
a with a=0.2-0.3.

The simulation results further indicate that the observed

thermal flux is mainly caused by the fluctuations of the modes

with moderate wavelengths. Based on the mixing length argument

of Xi~y(Ajc) involving the linear growth rate and the radial

eigenmode width, we can show that Xi~(Lg) for these type modes

if the linear mode width based on the fluid theory is used. By

arguing that Landau resonances can actually determine the mode

width in the kinetic limit, we may use A^=x^ instead and obtain
xi~(ks) • ^ e effe°kive mode width corresponding to the

simulation results apparently lies somewhere in between. Thus,

compared to the existing theories, the present analysis seems

better suited for the interpretation of the simulation trend.

Before progressing to fully toroidal simulations, it is

appropriate to first gain some insight into the influence of VB

and curvature drift effects on electrostatic modes.

Accordingly, investigations of drift-interchange instabilities

in a cylindrical geometry with magnetic shear have been carried

out. The growth rates, real frequencies, and radial mode

structures observed in the simulations agree well with the

linear stability analysis, and the saturation level for the
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density and electrostatic potential compares favorably with

mixing length estimates.

COMPARISONS OF EXPERIMENTAL RESULTS WITH MICROINSTABILITY-BASED

MODELS FOR ANOMALOUS THERMAL TRANSPORT

Profile-constrained microinstability-based thermal

diffusivities implemented in the BALDUR transport code have

previously produced results demonstrating favorable agreement

with transport properties from a large number and variety of

discharges on TFTR [11,12]. These investigations have now been

extended to the analysis of (i) improved-confinement pellet-

fueled discharges on ALCATOR-C and ASDEX, (ii) the TEXT

experiments exhibiting ion fluctuation features, (iii) T-10

plasmas with high central electron temperatures produced by

strong ECH, and (iv) balanced-beam supershot cases in TFTR.

For the peaked density profile, pellet experiments on ALCATOR-C

and ASDEX, the resultant low values of tij_ kept the n^-mode

feature in the code from being activated. Since the results

indicate good correlations with the observed enhanced

confinement properties, they lend support to the theoretical

picture that ru-modes are indeed suppressed in these cases

[13]. Furthermore, in TEXT discharges where ion fluctuations

were observed (and where ii>i^c was satisfied), the simulations

are found to be in good agreement with the associated

confinement data only when the ru-mode feature is activated in

the code [14,15]. With regard to T-10 experiments, the

simulations of Ohmic discharges and steady state, ECRH-heated,

collisionless plasmas were found to be within 20£ of measured

temperatures [16]. In carrying out the simulation for

collisionless cases, the model used was based on the presence

of collisionless trapped-electron modes (CTEM) [7]. The

radially local form of the associated anomalous ion diffusivity

is related to the local electron diffusivity by
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i .) (Ln/R) xe W

In Table I are shown preliminary results for several TFTR

supershots for which ion temperature profiles have been

measured. The supershots are all in the eollisionless regime

with simulated values of nj (in the confinement region between

q=1 and q=2) falling below the critical thresholds discussed

earlier in this paper. Simulated temperatures were found to be

in agreement with experiment within about 20%. Table I also

indicates reasonable correlations between the thermal

confinement times simulated by BALDUR and those evaluated from

experimental data by the TRANSP code for each of these

deuterium discharges.

Local xQ formulas from a number of theoretical models [17]

have been tested against a TFTR database derived from measured
T
e»

 n
e»

 p
rad profiles and calculated heat depositions using the

SNAP and TRANSP analysis codes. The database consists of full

TABLE I. COMPARJSION OF DRIFT WAVE MODEL RESULTS WITH DATA FOR
TFTR SUPERSHOTS

Shot r i ; pB Te
s im y x p V " 1 T^P rE i th

s l m *E , thexp »«e s i m n i s i m

(10 l 9 /m 3 ) <MW) (keV) (keV) (keV) (keV) ts) (s)

22014

26762

28813

29917

29918

30640

3.2

2.5

2.4

2.5

2.6

2.6

11.3

11.6

12.0

13.6

13.6

14.3

6.7

6.8

6.5

6.8

7.2

7.0

6.9

7.4

6.0

7.3

7.8

7.7

15

20

22

23

23

24

.-

20

17

25

22

21

.14

.12

.11

.11

.12

.11

—

.10

-

.11

.15

.11

.07

.06

.06

.05

.05

.05

0.7

0.9

0.8

1.0

0.9

0.9
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aperture L-mode and Ohmic discharges (R « 2.5m, a »0.8m, B T »

5.0 T). Several different prescriptions for the ion heat

conductivity have been used in the SNAP analyses. Ohmic

discharges (0.8 MA < Ip < 2.2 MA) are constrained to be

consistent with measured central values of T* or neutron flux,

and L-mode discharges (1.0 MA < I < 2.5 MA, Pb < 15 MW) are

consistent with magnetic measurements of the stored energy.

Fifty-seven Ohmic and 131 L-mode cases have been analyzed with

Xj set equal to xe> Values for xe from 5 super shots were

obtained from time-dependent TRANSP analyses using measured T-

TABLE II. CORRELATION COEFFICIENTS FOR THEORETICAL MODELS FROM
ANALYSIS OF TFTR DATA

residual/variance

y anom(DTEM)
Ae

^anomCCTEM)

X e T P i ( D T E M )

XeTP2 { C T E M )

XeKP2

Xe,DW2

Xe.Md

Xe.RL

Xe P L

0.87

0.81

8.40

3.46

2.51

6.46

6.95

9.50

0.23a

OHMIC

R2 C

0.94 0.82

0.95 1.01

0.43 0.58

0.77 0.61

0.83 2.14

0.56 22.5

0.22 0.01

0.68 7.91

0.98a1.00a

L-MODE

res/var R2 C

0.30

0.58

1.49

1.13

0.90

1.44

1.32

1.14

0.82E

0.89 1.35

0.79 1.80

0.46 1.10

0.59 0.78

0.68 5.04

0.48 33.7

0.52 0.26

0.61 0.46

'0 .70 b 1 .00 b

SUPERSHOT

res/var R2 C

__.

0.50

. . .

1.93

0.69

. . .

0.86

1.27

. . . —

0.80 1.23

— ---

0.26 0.06

0.73 5.50

0.66 0.22

0.46 0.11

0.08c0.97c 1.00c

a XePL B2 /Te«'« s

b XePL B2 /Te
3/2 *

c XePL B2/Te
3/2 »
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profiles. Comparisons between local xe ft>
r t n e Ohmic and L-

mode data sets (with Xi=Xe> 1<q<2) and some theoretical

formulas taken from Ref. [17] are shown in Table II. For the

supershots, the fits were taken between the q=1 and q=3

surfaces. The correlation coefficient, R , and the slope, C,

are tabulated for drift wave models assuming profile

constraints [x|nom (DTEM, CTEM)], local trapped-electron models
xeTP2^' models based on skin-depth scaling arguments
xe Md^» a l o c a l collisional drift wave model [xeiow2^'

and a prescription, xe RL> given by Rebut and Lallia [18]. As

indicated in Table II, the profile-constrained models yield the

best fit to the data. Similar results were obtained for a

larger TFTR database with either measured central Tj_ values or

magnetic data used to constrain the analysis. The data has

also been fit to a power law, x|! » using a set of 7

dimensionless parameters [19]. The correlations for these fits

are tabulated here to show the optimal level of agreement

achievable for this data set assuming a power-law form for xe-
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Abstract

LINEAR AND QUASI-LINEAR BEHAVIOUR OF ION MODES.
The ion TJJ modes in tokamaks are studied both analytically and computationally by a variational

formalism in cylindrical and toroidal geometries. They are found to exhibit a convective structure which
determines the stability boundary. Toroidal effects have a destabilizing influence. The coupling between
the successive poloidal harmonics increases the feedback connection within the convective structure and
is thereby responsible for destabilization. The modes driven unstable by trapped ions allow a new quasi-
linear phenomenon to be introduced: by transferring toroidal momentum across the magnetic surfaces,
they may create a negative viscosity situation producing fluctuating differential rotations which may
saturate the turbulence.

1. INTRODUCTION

The ion modes in tokamaks have been the object of renewed interest [1-3].
They are good candidates for explaining the saturation of confinement [4] and the
anomalous ion transport that is observed in the high density regime [5]. In this paper,
the thresholds, the frequencies and the radial profiles of the unstable modes are inves-
tigated by using the TORRID code [6], in both cylindrical and toroidal geometries.
These modes can affect the plasma viscosity which may become negative as will be
explained in the last section.

2. FORMALISM

We study the linear stability of electrostatic modes with the potential
U(x) exp(-iwt) + c.c. The self-consistency of a mode can be expressed by using a
bUinear form in U and U*:

£(U, U*) = d3x L(U, U*) = £ | - d3x PsU*J (1)
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where ps, the charge density response of species s (charge es, mass iris), is a linear
function of U. The potential has to satisfy the constraint that <£ is an extremum for
any variation of U*. An unperturbed particle is characterized by the constants of
motion n (magnetic moment), H (total energy) and ^ (average poloidal flux encom-
passed by the trajectory). The position of its guiding centre is a periodic function of
two angular variables, $1 = a>\(n, H, ty) t+4>,0 and $2 = «2 0*> H, ^ ) t+<t>2o- For
circulating particles, these angles are related to the poloidal and toroidal angles and,
for trapped particles, to the phase of the bounce motion and to the angle of preces-
sion. The guiding centre 'feels' the perturbation as a periodic function of $1 and $2

along its trajectory:

es U(*lf *2) = Yt hn,.n2(M, H, *) exp (in,*, + in2<i>2) (2)

Because of the axisymmetry of the system, only one toroidal wavenumber, n2 = m,
is considered. The computation of the Fourier coefficients, h*liIl2, requires all infor-
mation on U(x) and the trajectories. <£ can be written as <£ad + JBres:

(3)

x E m,-'2.. - -.. . :- w

where Fs is the unperturbed distribution function (temperature Ts) and ws* is the
diamagnetic frequency containing the contribution of density and temperature
gradients:

In the TORRID code, £ is computed by using the exact trajectories as a symmetric
complex matrix. U can be obtained from the kernel of this matrix [6].
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3 . STABILITY T H R E S H O L D O F ION M O D E S

3 . 1 . Cylindrical geometry

U(x) can be expressed as
surface where the safety factor q =
does not vanish:

- •*>) exp i((9 + m >̂ - cot). ^ f is the resonant
-1/m. In Eq. (4) only the n^ = ( component

(5)

where Jo is the operator representing the effect of the La rmor radius p . The resonant
denominator is: u> - (u>x — mw2 = to - k|V| . The shear plays a role through k0

which expresses the k | dependence on ¥ : k | = k0 ( d r / d ¥ ) ( ¥ - ^<). The mode sta-
bility has been investigated numerically for a plasma with one ion species, s = i, by
scanning the parameters :

CO
0,

u>
0, k a t o j , and 6L =

vth>i

p t h i i is the La rmor radius for an ion with thermal velocity v ^ . The main class of
unstable modes has been found for:

CO
>^Uf,

CO
(6)

When co is much smaller than the diamagnetic frequencies, the stabilizing te rm f
becomes negligible. Hence , the most unstable modes are found at low frequency for

•>* = 1- Some values of f, for small k jp^ j , are :

Si

f

0.5

22

1

30

2

24

5

12

10

6

20

3

^f) is shown in Fig . l ( a ) . On each side of the ^ - •*> surface, the mode
convects energy taken from hot resonant ions in domain A towards colder ions in
domain B. The mode mainly consists of a progressive wave U + responsible for this
energy flux. A local balance using the group velocity of the wave and the local power
deposit ion yields the U + shape. A n important element introduced by numerical
computat ions is the presence of a small U ~ reflected wave which produces the
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(a.u.)

if. if,
(a.u.J

FIG. 1. Eigenfimctions computed with circular concentric magnetic surfaces. * - * , w measured in
the same units in (a) and (b):

(a) Cylindrical geometry with ke p,hj = 0.1, 5, = 2, cafc/w = 45, u>*/u = 14. The whole profile is
symmetric with respect to the st = 'iSfl axis.

(b) Radial profile of one harmonic U(i - ¥,) in toroidal geometry. A is computed with a safety
factor q{rj) = 2, oifja — 27; the other parameters are the same as in case (a); d is the distance
between two adjacent resonant surfaces.
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necessary feedback for absolute instability and determines the exact stability
threshold.

There exists another type of unstable mode arising for large ijj and 6j [7].
These values are in the fluid regime since a> > k||Vthi.

3.2. Toroidal geometry

The following test function (equivalent to the ballooning approximation [8, 9])
is used:

U = ^ U(^ - •*>) exp \((6 + m<p - art + i5) (7)
f

For circulating particles, the lhn,,ml2 coefficients can be expressed as in expression
(5), provided U is replaced by an expression containing contributions of all the
U(\j/ _ \frf). its exact form has been included in the numerical computation. It can be
written as

J0(k l P) J,(k±A) U(* - *„,_„) exp i(n, - v) 8
2

(8)

The Jv operator represents the averaging due to the radial drift A of the particle. The
functional £ (4) is an infinite sum of identical terms. The U function is found by
extremizing one of these terms, n, = I, say. Numerical computations show that
toroidal effects destabilize the ion mode. For example, for a safety factor q = 2, the
function f in formula (6) decreases by a factor of about 2. The U function is similar
to the eigenfunction of the cylindrical case. It is, however, somewhat broader
(Fig. l(b)). The main difference from the cylindrical case is that the feedback for an
absolute instability of each U(1Jr - ¥^) is ho longer due to a U ~ reflected wave but
to the connection between U(1Jr - tyj) and UC^ - yt±i) implied in relation (8).

4. QUASI-LINEAR MOMENTUM TRANSPORT

For each species, quasi-linear transport depends on the phase shift between U
and ps, which is related to the quantity As(^, H, ^ ) as defined by

f As(^, H,Im £ r e s = >J 1 A,(p, H, ¥ ) dp dH d* (9)

The quasi-linear diffusion in the (/*, H, V) space leads to a transport of particles and
internal energy. In the presence of a plasma toroidal rotation fi(^, t), the modes
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affect the plasma viscosity through the transport of toroidal momentum JQ (J is the
plasma inertia). We find:

at
, (10)

where v is the volume enclosed by a magnetic surface, r sn represents the momen-
tum transported by the particles and Wsn the momentum deposited by the mode to
species s. This latter term can be interpreted as an additional (3/3v) T representing
the fluxes carried by the field:

modes

B,
IB, I

lRmsvJ
-2m

As Oi, H, *) dp dH (11)

modes dv
2m I I As(n, H, dH (12)

To illustrate the role of the momentum transported by the modes, we consider
the instability consisting of a single f-poloidal harmonic coupled to trapped ions
through their precession motion at frequency a>g = a>g,,h E/T. This case is simple for
two reasons: first, for trapped particles, v^ = 0, the momentum is only transported
through WsS}, then the resonant denominator w — mwg does not depend on ^
for fi = 0, and this allows a simple perturbation technique to be used. The ho,m
coefficient associated in expression (4) to the resonance a> — mug is
lho,ml2 ~ es 'JoUl2, where the operator Jo expresses averages over cyclotron
motion, radial excursion and bounce motion (frequency wb). The effect of rotation
can be introduced by changing w into o> — mQ(^). For each mode, we find:

dv
2m (2TT)

n(*n

trapped
ions

IJOUI2 7T 6(co - (13)

When fl = 0 (or, more generally, when Q does not depend on ^), the self-
consistency condition Im £ = 0 leads to the dispersion relation co - cô
— cof (co/wgth — 3/2) = 0, implying Ws!J = 0. When a velocity gradient exists the
perturbation of Ws0 does not depend on SU, because of this dispersion relation, and
can be written as
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dv

2m (2ir)3 e2

trapped
ions

dfi
- 1

co,g.th

UOUI2 ir 6(w - m(co (E)
dH

(14)

Since Wsn ?* 0, the field transports momentum. We can define a viscosity coeffi-
cient by

-f-
at

i D ' 0
ddv dv

with

- i

dv

y IJOUI2 ir

(15)

trapped
ions

- m(cogs(E)
dH

cob s

This coefficient is of the order of the anomalous coefficient diffusion for energy.
Since cof > cogth, Dn is negative. Hence, any perturbation of the toroidal rotation
can be amplified until it is large enough to stabilize the mode. This process may be
considered to be the simplest non-linear saturation mechanism.

5. CONCLUSIONS

The variational formalism used in this paper to study the linear and quasi-linear
behaviour of ion modes leads to a physical picture of the energy and momentum
coupling of the field to the particles. Computations in the actual tokamak geometry
give the stability boundary reflecting the self-consistency of the mode convective
structure across the magnetic surfaces. The toroidal effects have a destabilizing
influence through a very effective coupling between the successive poloidal har-
monics, equivalent to a feedback connection within the convective structure of each
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harmonic. A new quasi-linear phenomenon has been demonstrated for trapped ion
modes: they induce toroidal momentum transport equivalent to negative viscosity.
Such an effect is a saturation mechanism of the trapped ion mode and will be inves-
tigated for other types of instabilities.
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Abstract

MICROINSTABILITY BASED MODELS OF ANOMALOUS ENERGY TRANSPORT IN
TOKAMAKS.

A microinstability based model of anomalous energy transport is presented which relies on the
effect of the electrostatic modes destabilized by ion temperature gradients and trapped electron
dynamics. The threshold for the onset of the instability is determined by the linear analysis of the kinetic
dispersion relation. Numerical simulations are presented which show good agreement with the
experimental results. A possible model for the electron transport at the edge is discussed. A short
description of the lower hybrid power deposition code is also given.

1. INTRODUCTION

Anomalous heat transport is commonly believed to be associated with small
scale turbulence, in particular with the electrostatic microinstabilities belonging to the
drift branch destabilized by trapped electrons and ion temperature gradients. Trans-
port code simulations carried out using microinstability based models of anomalous
transport have indeed shown a more than qualitative agreement with the experimental
results [1]. Central to this analysis is the notion of a good confinement region,
typically located between the q = 1 and the q = 2 surfaces, which is the region of
effective thermal insulation of a discharge and, therefore, the region which deter-
mines the global confinement properties [2]. Microinstability based models are effec-
tive in this region, while other mechanisms need to be invoked elsewhere, especially
beyond the q = 2 surface, because the strong dependence of the diffusion coefficients
on the temperature yields a very low value of the diffusivities in the outer region of
a discharge.

ENEA, Bologna, Italy.
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In this paper we present the results of a linear stability analysis of the toroidal
rji mode fa = d In T;/d In n) retaining the kinetic effect associated with the ion
magnetic drift resonance and the trapped electron response. The quasi-linear thermal
fluxes are estimated and used in numerical simulations of different experiments. A
possible mechanism responsible for transport in the outer region was first proposed
in Ref. [3]. Here we consider the more general situation in which electromagnetic
turbulence is responsible for transport at the edge. For lower hybrid heating experi-
ments use is made of a power deposition code which includes some of the features
of the propagation in toroidal geometry by using an analytic expression for the
parallel wave vector.

2. LINEAR STABILITY

The linear stability of the electrostatic modes assumed to be responsible for
transport in the good confinement region is determined by the quasi-neutrality equa-
tion. Assuming an adiabatic response for the circulating electrons and neglecting
parallel dynamics, the following equation [4, 5] can be derived:

T I nA Jo * , •

coD i

(1)

where «.Ta(y) = a>*a[\ + yjy - 3/2)], &>•„ = k0cTtt/LraeaB, Ln = |Vn /n | - \ wD

is the magnetic drift frequency, e = r/R, b: = k\pf, pt = .vti/Oj, veft = vje, r)a

= d ln Ta/d ln n, FM is a Maxwellian distribution function and a - e,i. Moreover,
in Eq. (1) Jo accounts for the finite ion Larmor radius corrections and a bar denotes
bounce average. Note that in the ion response the kinetic effects associated with the
coDi resonance have been retained. If the trapped electron response is neglected,
Eq. (1) yields an unstable mode for sufficiently large TJJ. In particular, for
en = Ln/R — 0 the instability threshold is rjien > r/8, while below that the mode is
purely oscillating and propagates in the electron diamagnetic direction. For en — oo
(flat density limit) the mode propagates in the ion diamagnetic direction, the instabil-
ity condition is ij; s 4/3(1 + l/.T)en, and below the threshold the mode is damped
by the wDi resonance. As the trapped electron response is considered, the mode
becomes unstable for small en and corresponds to the usual trapped electron instabil-
ity, while in the flat density limit the threshold condition is only slightly modified
because the trapped electron response cannot overcome the stabilizing influence of
the wDi resonance. The threshold condition in the r)-en plane is shown in Fig. 1 for
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0.2 0.4

FIG. 1. Stability boundaries in ij,-en space for two values of T = TJT{. Note that in the hot ion
regime, T *t 1, the stable region broadens significantly.

two values of r and v^loi^ = 10. Note that for r < • 1 the stable region broadens
significantly. This result suggests that the hot ion mode regime of operation should
exhibit a better confinement regime. Evidence of this behaviour has been found in
the TFTR supershots.

Using the solution of Eq. (1) the quasi-linear diffusion coefficients can be esti-
mated [6]. Considering mixing length estimates for the saturation level of the fluctua-
tions, the following expressions for the electron and ion thermal fluxes can be easily
found:

f
Jo

x Im dy y3'2 e'y -
Jo W ~ ">Di

03 — (O . T e

,-3/2 (2)

'i—Vim I dy
- C0Di

(3)

Note in particular that the ion flux can be different from zero also for very peaked
density profiles owing to the effect of trapped electrons. At large values of collision-
ality, as in the high density Ohmic discharges which show saturation of the energy
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confinement time, this residual anomalous ion flux is small compared with the
neoclassical value. In this case peaking the density profile improves the ion transport.
However, at very low collisionality the residual ion flux due to trapped electrons is
large and the improvement in transport is drastically reduced. The validity of the
previous expression has been checked by numerically solving the Braginskii two-
fluid equations [7] which, using the ordering e$/T ~ ft/n ~ f ;/Ti ~
/Oi/Ln, kjLPj < 1, reduce to

\ a A , 2en d A

at at \7ji 77; ) dy Trii dy

+ [*,V2I>] = - D ^ 4 * (4)

where

[ f g ] = ^ _
U 'gJ - \dx dy dydy dy dx) $ Te

P = Pi/Pio and Di and D2 represent the effect of perpendicular viscosity and classical
heat flux, respectively. The frequencies are normalized to Cs?7i/Ln, the lengths to the
ion Larmor radius. Preliminary results show a qualitative agreement of the saturation
level with mixing length estimates.

3. TRANSPORT CODE ANALYSIS

The previously derived transport coefficients have been tested against the ex-
perimental results of several tokamak devices. The lf-D transport code JETTO [8]
has been used. The code takes into account the effect of impurities under the assump-
tion of coronal equilibrium. An implicit scheme in time and a finite difference scheme
in space are used.

The anomalous fluxes are given by Eqs (2) and (3) plus a term which accounts
for the electron losses beyond the q = 2 surface modelled according to the results
of Ref. [3] as

*e = 5xlO-^(^) (6)
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We first note that the enhancement of the electron thermal conductivity with power
is larger in the good confinement region than at the edge. As the power is increased
the ratio between the edge and the half-radius value of the electron thermal conduc-
tivity decreases, leading to the formation of a pedestal in temperature. Note that,
owing to the difference in the dependence on the toroidal magnetic field B of the two
expressions, the critical value of the power at which the initial shape of the profile
is changed by a significant amount scales as B3. Such a strong dependence has been
observed for the L-H transition on JET.
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FIG. 2. (a) Global energy confinement time for the Alcator-C tokamak (a = 10 cm, R = 64 cm, B =
120 kG, I = 270 kA) versus line average density. The black points are the experimental results, the open
circles the results of the code, and the triangles the results of the code using neoclassical ion thermal
conductivity, (b) Electron replacement time versus line average density for the Doublet III tokamak
(a - 44 cm, R = 143 cm, B = 24 kG, Ip = 473 kA). The values ofZeg and of the exponent an are
also shown. The black points are the experimental results, the open circles the results of the code.
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In Fig. 2(a) the global energy confinement time TE = 3/2 J (r^Te +
\ i7J2dV is plotted versus the line average density for the Alcator-C tokamak [9], for
the case B = 120 kG, a = 10 cm, R = 64 cm, I = 270 kA, and a deuterium dis-
charge with a density profile given by a generalized parabola n«. = 11̂ (1 - r2/a2)°S
an = 0.5. The result obtained using the neoclassical ion thermal diffusivity is also
shown. The oxygen and metallic impurity densities have been adjusted in order to
reproduce the experimental Zeff value (Zeff < 1.2) with low global radiated power.
In Fig. 2(b) the electron replacement time is shown for the Doublet in tokamak for
the case a = 44 cm, R = 143 cm, B = 24 kG and I = 473 kA [10]. Two representa-
tive cases at low and high density have been chosen for the simulation. In both cases
the agreement between theory and experimental results is quite good.

4. LOWER HYBRID POWER DEPOSITION

A detailed description of the lower hybrid power deposition code is reported in
Ref. [11]. It solves the LH energy transport equation in cylindrical geometry, assum-
ing as boundary condition the nB spectrum imposed by the grill; nB is constant dur-
ing the propagation, as it is peculiar to a cylindrical plasma, and only single pass
absorption is considered. At the same time the 1-D Fokker-Planck equation for the
electron distribution function is solved with the quasi-linear diffusion term. The high
velocity limit of the relativistic collision operator is considered. To take into account
the perpendicular dynamics, the collision operator is averaged over v± , assuming a
Maxwellian distribution in \ x where the temperature T x is a function of V] and is
enhanced in the resonant region of the velocity space.

To bridge the gap between the electron thermal velocity and the phase wave
velocity a tail must be added, at the plasma edge, to the nB spectrum, when the code
does not provide for total absorption of the given power spectrum in a single pass.
The gap problem is indeed still an open question in the theory of LH heating and cur-
rent drive. Variations of nB due to toroidicity, when multiple wall reflections are
taken into account, have been proposed [12] to fill this gap. However, parametric
studies that can show how this process occurs and which plasma parameters play a
major role are still lacking. In Ref. [13] an attempt has been made in this direction.
An analytical and numerical investigation of the ni broadening induced by toroidal
effects has been carried out. The main conclusions are: the current amplitude of the
nB variations are mainly related to the peaking factor qa/qo and the sign of the varia-
tion is related to sin (0k), where 0k is the reflection angle, which is shown to be
essentially connected to the density and to the central value, q0, of the safety factor
q. A more complete parametric study is in progress.
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5. CONCLUSIONS

A microinstability based model for anomalous energy transport has been pro-
posed which relies on the effect of the electrostatic instabilities belonging to the drift
branch and destabilized by trapped electrons and ion temperature gradients. A set of
diffusion coefficients has been derived and compared with the experimental results
of several tokamaks, showing a good agreement. Finally, a power deposition code
for LH heating experiments, used in the transport code simulations, has been
described.
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Abstract

BOUNDARY CONDITIONS APPROPRIATE FOR FLUID THEORY CALCULATIONS IN THE
PRESENCE OF AN ABSORBING WALL.

The application of fluid theory to the description of an ambipolar plasma flow towards an absorb-
ing wall (e.g. the scrape-off layer in fusion devices), with bulk viscosity and ion heat conduction
included, requires three boundary conditions which cannot be obtained from sheath theory alone.
Between the fluid theory modelled presheath and the sheath there exists a collisional transition region
where the velocity distributions are greatly distorted approaching the sheath edge. The paper presents
an approximate solution to this kinetic problem by using modelled distribution functions with parameters
obtained by means of continuity requirements for the transition region. Boundary conditions are yielded
for the fluxes of momentum and energy depending on all boundary plasma parameters, including the
flow velocity V, which itself is not subject to the customary condition of V being equal to the ion sound
velocity.

1. INTRODUCTION

The general problem of an ambipolar plasma flow towards an absorbing wall
is of great importance in the scrape-off region of fusion devices as well as in the
vicinity of any material plasma probes. In the presence of a magnetic field, the
longitudinal motion of a plasma sustained by bulk particle, momentum and energy
sources due to cross-field diffusion and interaction with neutral gas is considered.
The description in terms of fluid theory (flow velocity V = Vj), which is assumed
to apply to the presheath and excludes the collisionless Debye sheath, requires
boundary conditions at the sheath edge. The latter are simple and unambiguous in two
cases only: the case of cold ions, Tj = 0, and the case where the dissipative fluxes
of ion heat and momentum in the fluid equations, i.e. qj and TT, which are due to
heat conduction and bulk viscosity, are neglected. In these cases, V = cs (the ion
sound velocity) and the expression for the electron energy flux that follows from
sheath theory are the mathematically appropriate and physically correct boundary
conditions [1, 2] (i.e. the singularity of fluid theory just at V = cs and the Bohm
condition for T; = 0).
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The present paper is devoted to the general case of a fluid theory that includes
the transport relations

* = - i? iV|V (la)

q, = -Ki,V|Ti (lb)

qe = -K,.,V|Te (lc)

which requires three boundary conditions for these fluxes (or the corresponding total
fluxes), while the nominal sound velocity loses its special meaning as a boundary
condition. Moreover, the general fluid model cannot be used up to the sheath edge,
where the truncated ion distribution function conflicts with the basic prerequisites of
fluid theory. Therefore, it is necessary to postulate a transition region (TR) ahead of
the sheath [1, 3], which intrinsically requires a kinetic treatment [4] aimed at finding
boundary conditions at the TR edge beyond which the fluid model is valid by defini-
tion. However, the present approach circumvents this difficult task as follows.

(i) Assuming that sources within the TR are unimportant, we have continuity of
fluxes across the TR, so that the total fluxes in question can be derived from
the distribution functions fj* (Vj) and fe* (ve) at the sheath edge.

(ii) Suitable model functions for fj*(Vi) and fe*(ve) are used. These are in keeping
with sheath theory and marginal requirements of kinetics and contain
parameters which are unknown at the outset.

These aspects of the approach are essentially similar to the method used by
Igitkhanov et al. [3]. The method implies a difference between the plasma parameters
at the TR edge (n, V, Ti; Te — the variables of fluid theory) and at the sheath edge
(n*, V*, T*, T*, given by the corresponding moments of the model functions).

(iii) It is the main idea of the present approach that these differences divided by 2,
the extension of the TR, should be approximately equal to the gradients
(Eqs (1)) at the TR edge. This principle makes possible the determination of
both 2 and the unknown model parameters.

The entire approach is, of course, largely hypothetical; ultimately it gains
justification from the reasonableness of the results. This concerns the interrelation-
ships between I in terms of collision lengths, the model parameters, and the ratio
R = Te/Tj.

The boundary fluxes in question depend on the TR edge plasma parameters.
After a suitable normalization one obtains three numerical transmission factors which
depend only on R and the normalized flow velocity:

U =

M = V/V(TS + Te)/mj = U/V(l + R)/2 (2)
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Only the simplest case is considered in this paper: a pure hydrogen plasma and
no electric current, secondary electron emission, or oblique magnetic field.

2. DISTRIBUTION FUNCTIONS AT THE SHEATH EDGE

Appropriate models for the longitudinal velocity distributions are truncated
Maxwell functions [2, 3] in which the 'temperatures' f it and Tel are to be looked
upon as parameters:

f*n(v) oc exp [-(v/V2fi|,/mi - s - b)2] for v > bV2Ti,l/mi (3)

fji(v) a exp [-v2/(2fel|/me)] for v > - V ^ ' / m , (4)

The most important parameter is the shift, s + b, of the maximum of the ion distribu-
tion, while b is introduced only to satisfy the generalized Bohm criterion [5]:

j dv v-2f-,(v)/j dv f*0(v) < m,/fe, (5)

The mean velocity V* obtained from (3),.

V7V2Tym; = U* = s + b + exp (-s2)/{V^[l + erf(s)]} (6)

must also be valid for the electrons described by Eq. (4), which determines the sheath
potential drop <j>*:

(/>' = - In {V(m^m^7R)U*[l + erf (VF)]} (7)

where

e0* S Te^* = feU£* (8a)

R - f. | /fu (8b)

For b, we will consider two cases: b = 0 (Bohm condition disregarded) and,
alternatively, the sign of equality in (5) [2], which yields the equation

f°°
R du u"2 exp [-(u - s - b)2] = Vx [1 + erf (s)] (9)

Jb

to determine b for each given s and R. Obviously, the two cases are marginal regard-
ing what actually will be true: a smooth f *t (v) curve with zero slope at v = Q.
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The distribution of transverse velocity is assumed to be Maxwellian, with a
temperature parameter modelled by

T- e l = (1 -«i.e)T,,eJ. + ai.ef,,e, 0 < a,,, < 1 (10)

a = 0 is expected to hold if there are almost no collisions in the TR, while a large
number of collisions should make the transverse temperature equal to the longitudinal
temperature (o; = 1).

3. CONTINUITY OF FLUXES THROUGH THE TRANSITION REGION

The total fluxes according to fluid theory are

II = (m; + mJnV2 + n(T; + Te) + IT; + ire = SnV Vm;T;/2 (11)

Qi = (mj/2)nV3 + (5/2)nVT; + VTT, + qs s ^nVTj (12)

Qe = (me/2)nV3 + (5/2)nVTe + VTT, + qe s 5enVTe (13)

Corresponding to the 'delta' coefficients for the total fluxes we introduce 'epsilon'
coefficients for the dissipative components:

IT = TTi + 7Te = enV VmjTj/2 (14a)

q u m £ unVT i i e (14b)

Note that irUe describes nothing but the difference between the longitudinal and the
transverse temperatures:

Ti.« = y T i f e , + yT, , e J . (15a)

Ti.ex = Ti>el - y^L , e /n (15b)

Let us express the fluxes per particle by T i e | and introduce the ratios v ie = 7rie/ir:

n
nV

= (nii + me)V + (Ti, + T.,)/V (16)

- = " ^ V2 + T Ti,e» " 4 »i.eeV VmTf^ + e u T , e (17)
V 2 2 2
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The corresponding fluxes per particle at the sheath edge have to be calculated
from the moments of the distribution functions (3), (4), including Eq. (10):

n * mi j dv v2fJi(v) me j dv v2fel(v)
+ —? (18)n*v* j dv vfi'i(v) | dv vfe*,(v)

Q'e _ "lU 1 ^ V3f

2 j dv vf*eI(v)
I j . e - L \l~)

Continuity of fluxes means

nV = n*V* (20a)

II = II* (20b)

Qi.e = Q u =F nVe0 (20c)

where <j> is the ambipolar potential drop in the TR:

e0 = 1e<p = t e l ^ (21a)

V - In (n/n*) = In (V7V) (21b)

The intensive exchange of momentum between electrons and ions by collisions and
electric forces allows us only to specify the total momentum flux. The exchange of
energy, however, can be treated explicitly as regards the electric field, while the
collisional energy exchange can well be neglected.

Introducing coefficients j8ie to describe a possible difference between the
model parameters fii<s and the TR edge temperatures, Tijel = (1 +j3 i e)f i e , the
evaluation of the above equations yields

5U = 2 (1 + me/mi) U2 + 1 + ft + (1 + &)R
(22)

S = 2(s + b) + (1 + R)/U* + 2b(U* - s - b)/U* - 2

and

7i£i = AKU) - (5/2)ft - 0/2)a,itf (23)

yeee = Ae(U) - (5/2)& - (3/2)ae>-e?/R (24)
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where

Ai(LI) = 2 + 0.5 (s + b)/U* + (s + b)2 + b(s + 2b) (U* - s - b)/U*

- 2.5 - U2 - R In (U7U) (25)

Ae(U) = 2 + £* - 2.5 - (me/mi)U2/R + In (U7U) (26)

S = -7i«U (27a)

U = V/V2f,,/m, = V^U (27b)

7 i = Tj/f„ = 1 + ft + ^ 7e - T/fe, = 1 + j8e + «^/R (28)

The latter equations imply

R = Te/T; = [(1 + /3e)R + ^ ] / [ l + ft + p,?] (29)

4. THE BRAGINSKII RELATIONS

The bulk viscosity r]t (Eq. (la)) consists of the ion and electron contribu-
tions [6]:

= biiiT^ + benTere (30a)

which yields for the fractions v ie introduced above:

"! = •!• (31a)

(31b)

B = b ; + be / - ^ R5/2 (31c)
\i 2nii

If the model parameters s, a i e , fte were known for given values of R and V, the
auxiliary variables £ and R could be determined using (22) and (29), so that the
epsilons would result from Eqs (23), (24) and (27a).
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Actually, the parameters will be obtained by means of additional equations that
follow from the requirement of continuous gradients (see the Introduction):

ir = - I J I ( V * - V ) / 1 (32a)

q;,e = -K i i e , (T; e l -T i i e , ) / l (32b)

Expressing the thickness, I, of the TR by \ (number of ion-ion collision lengths)
and regarding (32a) as the equation that determines this thickness, we have

I = XiTi V2Ti/mi (33a)

\ = B(lT - U) ^ / f (33b)

With the sheath edge temperatures derived from (3), (4),

mi>e Jdv(v-V*)2iT..i(v)
T,%» = f

 : = (1 " 2Di,e)Ti,ell

J d f * ( )

Di = ( U * - b ) ( U * - s - b )

(34)

the heat conductivities given by K^ = CinTiTi/mi and Kel = cenTeTe/me, Eqs (32b)
with (23), (24) yield

" I «• " ( ^ F ^ ) (D- + T fc) + 1 **) -S (36)

In a magnetic field the numerical coefficients are [6]

bj = — x 0.96 be = ~ x 0.733 c; = 3,906 ce = 3.1616 (37)

The additional equations (35), (36) allow the determination of s and a single further
parameter only. Since it is clear that ae has little influence, we can drop it by setting
ae = 1 - oci. Moreover, ft = j8e = 0 should be a good choice, at least if Te = Tj.
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Case 2 Case Q Case 1

FIG. 1. Extension of TR expressed as number of mean free path lengths of ions (\J and electrons (Ke)
in dependence on R (M = 1). Curves: b = 0, circles: b > 0 (Eq. (9)).

This variant, with only a-, to be calculated from the equations, is called Case 0. The
alternatives, Case 1 and Case 2, may apply if Tj <l Te and T; > Te. Briefly, the
strategy is:

Case 0: ft = ft. = 0, a; unknown, condition: 0 < a-, <
Case 1: ft = 0, a{ = 1, ft unknown, condition: ft > 0

1

Case 2: ft = 0, aL = 0, ft unknown, condition: ft. 0.

The highly complicated system of equations (22), (29), (35), (36) proves to have
exactly two solutions, implying two different U, if s and R are given. Finally, on the
R-U plane we find an unambiguous continuum of solutions (continuous transition
between the three cases).

5. RESULTS AND DISCUSSION

The thickness of the TR in terms of collision lengths is shown in Fig. 1. It
always corresponds to 1 or 2 collisions of the hotter particles. Case 0 turns out to
be valid (i.e. 0 < a{ < 1) only around T/Tj = 1, i.e. in the range where both
sorts of particles undergo few collisions, while outside this range the other two cases
are correctly associated with large collision numbers of the particles. These findings
demonstrate the reasonableness of the. model, and it is most remarkable that this
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OS 1 1.5 2 05 1
0D01

FIG. 2. Transmission factors for dissipative fluxes (Eqs (14)) in dependence on R (parameter) and M.

Curves: b = 0, circles: b > 0 (Eq. (9)).

TABLE I. MODEL PARAMETERS, CHARACTERISTIC VELOCITIES AND
TRANSMISSION COEFFICIENTS IN DEPENDENCE ON R AND M (Eq. (2))
FOR b = 0

= S/CT, M* = t*/a (Eq. (6)), where o = frjO +R)/2]"2)

M

1.3779
0.9797
0.7671

1.3482
1.0049
0.7827

1.3553
0.9937
0.7431

Mpeak

1.5266
1.3614
1.5459

1.4430
1.2368
1.2509

1.4796
1.2415
1.1086

T/r,
1.5270
1.3621
1.5459

Te/Ti

1.4721
1.2797
1.2813

Te/Ti

1.5409
1.3189
1.1678

Par.

= R = 3

0.269
0.432
1.420

= R = 1

0.979
0.690
0.976

= R = 0.3

0.224
0.240
0.196

7i

Parameter =

1.288
1.483
2.563

Parameter =

1.081
1.192
1.344

Parameter =

1.188
1.390
1.881

7e

ft (Case

1.001
1.002
1.004

at (Case

1.001
1.002
1.003

& (Case

1.224
1.241
1.197

8

1)

5.943
5.629
5.796

0)
4.125
3.839
3.791

2)

3.232
2.876
2.586

6.294
4.406
3.660

4.302
3 Ml
2.935

3.717
3.132
2.704

4.387
4.721
4.962

4.210
4.496
4.742

3.054
3.252
3.626
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balance is violated if the Braginskii coefficients (37) are changed in an arbitrary way.
Drastic changes even prevent any formally admissible solution for some ranges of
R and M.

Taking into account the Bohm condition (circles, b > 0 according to Eq. (9))
has practically no effect, which is borne out by Fig. 2.

In Table 1 some results are compiled concerning model parameters, velocities
and the transmission coefficients defined by Eqs (11)—(13). Velocity parameters are
given as Mach numbers in analogy to Eq. (2), in order to demonstrate that the ion
distribution peak and the mean velocity at the sheath edge (*) are always 'super-
sonic', even if M < 1. The transmission coefficient d; is close to the value that
results from the convective ion energy flux alone: 5j = M2(l +R)/2 + 5/2. Hence,
the dissipative fluxes due to the ions,, TTJ and q;, usually are small (cf. Fig. 2) and
largely compensate each other as regards 5j. This seems to justify the customary use
of simplified boundary conditions, e.g. 6, = 3.5, together with M = 1 [7].
However, the small €j (Eq. (14b)) just determines the boundary gradient ViTt,
which may have a noticeable influence on the presheath profiles obtained, as was
shown in Ref. [8].

Figure 2 summarizes the main results: the boundary conditions in terms of €,
ei( ee defined by (14). There is no condition for the boundary velocity M; it will
depend on the properties of the presheath (on the sources), but large deviations from
M = 1 are unlikely to be produced in solving the fluid equations.

2 -
.. • /s

/ /

/ /
s

/

. VAe

-

0.2 1 5
Te/T;

FIG. 3. Normalized potential drop (cf. Eqs (8a), (21a)) across TR and sheath (upper part) and decay
of temperature within TR (lower part) in dependence on R (M = I, b = 0). For dotted line see
Section 5.
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The upper part of Fig. 3 demonstrates that only a small fraction of the overall
potential drop between presheath and wall is due to the TR, which must, however,
be included to yield an equivalence with what is usually called the sheath potential.
It is the sum <p* + <p that the dotted line in Fig. 3, calculated by the well known
formula [2]

$ = e4>/Te = - In [My2*(T,/Te + l)mJmH (38)

(M = 1), agrees with, as long as Te/T; > 0.7. In this range the relation 5e = 2 + <p
[2], i.e. ee = $ ~ 1/2, is also nearly fulfilled for any M (cf. Table I and Fig. 2).

Using the present boundary conditions (e.g. in numerical scrape-off models)
requires that the TR be excluded from the treatment. Thus, the TR should occupy
only a small fraction of the total presheath (high collisionality) and the essential
sources must be located several collision lengths away from the target. In a dense and
cold divertor plasma, for example, these requirements seem to be met.
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Abstract

THE CRITICAL TEMPERATURE GRADIENT MODEL OF PLASMA TRANSPORT: APPLI-
CATIONS TO JET AND FUTURE TOKAMAKS.

The diversity and complexity of behaviour in tokamak plasmas place strong constraints on any
model attempting a description in terms of a single underlying phenomenon. On the assumption that
turbulence in the magnetic topology is the underlying phenomenon, specific expressions for electron and
ion heat flux are derived from heuristic and dimensional arguments. When used in plasma transport
codes, rather satisfactory simulations of experimental results are achieved in tokamaks of different sizes
in various regimes of operation. Predictions are given for the expected performance of JET at full
planned power and implications for next step tokamaks are indicated.

1. INTRODUCTION

The complex behaviour in tokamak plasmas that has to be described by any model for
heat and particle transport is well illustrated by observations on JET[1]. In particular:

- in ohmic discharges the electron energy transport Is anomalously high in comparison
with the expectations of neoclassical theory, and shows a different dependence on the
plasma parameters;
- the energy transport is even higher with additional heating, and shows yet another de-

pendence on plasma parameters;
- this degradation of energy confinement occurs for either ion heating (NBI) or electron

heating (ICRF); none-the-less, ion temperature profiles can be changed more easily
("supershots" and High Ti modes) than electron temperature profiles (High Te modes);
- the energy confinement improves in H-modes, but exhibits in JET the same degrada-

tion with increasing additional input power as L-modes;
- outside the q = 1 region the electron temperature profile is resilient to changes in the

input power, while the density profile can be changed more readily;
- inside the q = 1 region, a variety of phenomena occur, including "monster sawteeth";
- the peaked density profiles obtained with pellet injection relax faster when additional

heating is applied;
- the diffusivity deduced from heat pulse propagation is insensitive to the input power,

In contrast to that obtained from global confinement analysis.

This diversity of behaviour places strong constraints on any model, particularly if it is based
on a single underlying phenomenon. In the "critical electron temperature gradient" model

191



192 REBUT et al.

of plasma transport[2], anomalous transport is determined by one such single phenome-
non, namely turbulence in the magnetic field topology, which occurs above a certain thre-
shold. An analogy is explored between turbulent fluid and anomalous plasma transport
(Section 2). The characteristics of the particular form of magnetic turbulence are described
(Section 3) and the transport laws for electron and ion heat flux and the corresponding
global scaling law are formulated in non-dimensional terms (Section 4). Using specific
forms for the heat flux, simulations of various different sized tokamaks in various plasma
regimes allow the role of each element in the model to be identified.The main uncertainty
in the heat flux model is with regard to the dependence on the plasma pressure, 3. Con-
sidering the relatively small extrapolation from present results, the model has been used
to predict the eventual performance of JET (Section 6). Implications for the choice of par-
ameters for the next step tokamak are also indicated.

(a) Viscous Flow in pipes

Flow
(a.u.)

•Turbulent Flow

Laminar Flow

10 12 14 16

Grad p (a.u.)

VTe
VTC

(b) Anomalous Heat Transport
Critical temperature model

Anomalous Transport

-Neoclassical Transport

Heat Flow Fe (a.u.)

FIG. 1. (a) Experimental relationship governing the flow of a liquid through a long pipe. When the
Reynolds number, R, reaches the critical value, Rc, extra resistance is added to the flow which
increases with the value of R (curvature of the curve in the turbulent flow regime); (b) for given
temperature, density, magnetic field, etc., the dependence of the heat flow on the electron temperature
gradient in the critical temperature gradient model shows the same behaviour: when V kT reaches
(VkT)c, anomalous transport appears which increases the heat flow. This anomalous transport also
varies non-linearly with the ratio
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2. ANOMALOUS TRANSPORT IN FLUIDS

In fluid mechanics it is well known that the dimensionless Reynolds number, R, can be
constructed from the physics quantities entering the Navier-Stokes equation and that tur-
bulence develops when R exceeds a critical value, Re. Experimental data show that the
laws governing the flow change when the pressure gradient, i.e. the driving force, is such
that R> Re (see Fig. 1a).

Such a change in the radial heat and particle flows is also observed in a tokamak. It is
tempting therefore to suppose that this is the result of underlying turbulence. A tokamak
is an open thermodynamic system in which heat flow could influence its stability. To con-
form with thermodynamics the driving force for the heat transport in steady state should
be the temperature gradient. The role of the Reynolds number in fluid mechanics should
be played by the ratio, VkT/(vkT)c, where (VkT)c is a threshold value above which tur-
bulence develops and the heat transport is enhanced. This behaviour is illustrated in
Fig. 1 b. With ohmic heating alone the temperature gradient should limit itself to a value
close to, but above, the onset of turbulence. In the presence of powerful additional heat-
ing the confinement properties should be entirely controlled by the anomalous thermal
transport.

General features common to all turbulent phenomena should be expected, such as a non-
linearity between the flow and the driving force and delays in the onset and propagation
of the turbulence.

3. MAGNETIC TURBULENCE

Explaining the anomalous transport in tokamaks by the presence of turbulence is widely
accepted. More controversial is the nature of this turbulence. But it is certainly not unrea-
sonable to assume that magnetic confinement is affected by magnetic turbulence [3]. In
particular, macroscopic changes in the magnetic topology seems to be responsible for
the total loss of confinement observed during major plasma disruptions. An attractive hy-
pothesis is that a single basis, namely the magnetic topology, underlies the various phe-
nomena observed in a tokamak, at least where atomic physics does not play a role. To-
kamak physics would then be dominated by tearing and micro-tearing modes [4-9]. The
topology would consist not only of well-nested magnetic surfaces but also of small mag-
netic islands surrounded by chaotic field lines connecting radially hot and cold regions
[10]. In the fully relaxed state of the Reversed Field Pinch, all field lines would be chaotic
[11].

Chains of islands develop where the safety factor, q, is rational: chaos occurs when the
islands overlap radially, i.e. when the overlaping parameter,^, exceeds a critical value.
7 depends on a perturbation of the plasma current. If, as assumed, the critical value of 7
corresponds to a critical value of the temperature gradient, then it should be the electron
temperature gradient.

The expression given below for the critical electron temperature gradient can be written
as the power balance between the directed flow of electrons around the islands and the
resistive dissipation of the current perturbation.
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The topology is strongly dependent upon the shear of the field lines, Vq:

- for moderate shear, the field lines may cross many chains of islands and the chaotic
volume forms a continuum. To sustain the topology a deficit of current should flow in the
islands when Vq > 0. Self-sustainment implies that electrons and ions experience the to-
pology differently, i.e. that the characteristic size of the islands be larger than the poloi-
dal Larmor radius of the electrons. The largest possible islands will dominate the trans-
port phenomena. The particle guiding centre trajectories have the same behaviour as the
field lines except for a translation arising from the ambipolar radial electric field [10]. The
maximum size of the island, X, could then be:

X = 2TrREo/ ( rV iBVt ) , where Eo = (kTe/e) [(Vne /ne) + (VkTe/2kTe)] (1)

Vj is the ion thermal velocity, B is the toroidal magnetic field and t is the rotational trans-
form.

- for high shear, as near a magnetic separatrix, the islands are too small and cannot
be self-sustained.

- for low shear, as near the plasma axis, only rather large islands can exist and the hy-
pothesis of a continuum might not be justified.

Above the critical electron temperature gradient the effective heat transport should de-
pend on flows both along and across the field lines.

4. DIMENSIONAL ANALYSIS

As in fluid mechanics, laws of similarity are to be expected for plasmas [12,13], Inthe ab-
sence of relativistic effects and assuming classical resistivity, the dominant physical pro-
cesses in a tokamak plasma are described not only by the structural parameters repre-
senting the plasma pressure, p = nkT / (Bp

2 / 2ju>), resistivity, A = ^ J / ( BpVth ), and
the diamagnetic thermal drift, ii = (VkT / eBp Vth )2, but also by the power flow, 4> =
P / (3 ir2 r R n kT Vth) [2]. Above a threshold of turbulence, the general form of the power
balance can be written as, $ = G( ft A, p ). g (il/Cic) + $neo .where $neo represents
neoclassical losses and for ohmic heating specifically, fl = Oc (A, p). Inspection of ohmic,
L-mode and H-mode JET data suggests the following forms:

Dec = Ae / Pe $ e = Hi172 Ae1 / 2 (1 - (Hec/He)172) (2)

The subscripts refer to the species, electrons or ions. It should be noted that numerical
coefficients are close to unity. However, the dependence on pe. is also close to unity. It is
therefore the least certain and a dimensionless equation of the type $e = fV / 2Ae Pe1/2

( 1 - (nec/fle)1/2) cannot be excluded.

A law similar to Eq. (2) is proposed for the ion heat transport, namely:

<h-ni1/2Ai1/2(1-(IWne)1/a) (3)
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A global scaling law for the total stored electron energy that is consistent with these ex-
pressions Is given approximately by:

We = 2.6x10"2ne3/4ZeffV4B1/2l1/2(Rab)11/12 + 1.2X10"2 I (Rab)1/2 Ptot / Zeff1/2

where We(MJ), ne(1019m"3)) B(T), I(MA), Ptot(MW), R,a,b(m). The numerical coefficients
have been obtained by a fit to JET ohmic and L-mode data but may contain further shape
parameters (such as q, a/R, b/a, and even Zeft) yet to be identified.

This scaling law should be used only as a general guide for prediction. Transport code
simulations should be used, since heating, radiation and impurity profiles, for example,
can affect performance.

The simulations reported below use the following specific forms of Eq. (2) for the local
electron heat flux. This includes the maximum size, \, of the islands (Eq. (1)):

Fe = ne Xan,e VkTe [1 - (VkTe)o/(VkTe)] H [| VkTe | - | VkTe|c ] H [ Vq ] + Fe.neo

Xan.e = 0.15 [(VkTe/kTe) + (2Vne/ne)] (Te/Ti)1/2 (R/r) (q2/VqBR1/2) C2(

(VkTe )0 = 0.06[ -r, J B3 / ne(kTe)
1/2 ] 1 / 2 (1/q) (e 2

and H is the Heaviside step function.

The specific form of Eq. (3) used for the ion heat flux is also dependent on the departure
of the electron temperature gradient from its critical value:

Fi = rv Xan,i VkTi [1 - (VkTe)c/(VkTe)] H [ | VkTe | - |VkTe|c ] H [ Vq ] + Fj.neo

With xan.i = Xan.e Zi (Te/Ti)1/2

While there are strong indications that the particle transport is similarly anomalous above
the same threshold of turbulence and exhibits many features of energy transport, thereby
pointing towards a common explanation, no model Is yet proposed and experimental den-
sity profiles are used.

5. SIMULATION OF TOKAMAK EXPERIMENTS

Following the earlier work of [14], a number of tokamak transport codes of different com-
plexity have used the above model [15-17]. Inside experimental errors this model has
given a rather satisfactory description of several tokamaks, ranging from WEGA (R=0.7m,
a=0.15m, l = 0.05MA) to JET (R = 3m, (ab)1/2 = 1.6m, I=5MA), and in various plasma
regimes. In particular, the results indicate that:

- (VkTe)o defines largely the temperature profile in ohmic plasmas (Fig. 2) and leads to
confinement which is considerably worse than neoclassical and with a different depend-
ence on plasma parameters. The scaling of confinement time with plasma density is in ac-
cord with the results of JET and other tokamaks, but is different from the neoalcator (li-
near) scaling often associated with ohmic plasmas. A dependence of Ze« on ne might rec-
oncile this.
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FIG. 2. Experimental ( ) and computed ( ) electron temperature profiles at limes 10.5 s (OH),
11. 7 s (L-mode, P ~ 4 MW) and 12.7 s (H-mode, P ~ 8 MW) during JET pulse 10 755.

- at higher power levels, and especially with large amounts of additional heating, the con-
finement is dominated increasingly by xan, which exhibits yet a different dependence on
plasma parameters, xan determines the incremental confinement time, the heat pulse pro-
pagation speed, the resilience of the electron temperature profile to changes (Fig. 2) and
the degradation of confinement with increased additional heating power. When applying
this model to fast perturbations such as heat pulse propagation, the unperturbed values
of xan should be used: it takes time to change the topology.

- near the separatrix in an X-point configuration, the heat diffusivities are reduced by the
locally high magnetic shear, and neoclassical transport should be recovered ultimately.
Under such conditions it has been shown [16] that a spontaneous change in the electron
temperature can occur. This has been identified with the pedestals observed to develop
within ~ 0.05-0.1 m of the JET separatrix when a transition from the L- to H- mode occurs.
Simulating the H-mode has been achieved by using the above model in the plasma inte-
rior and either imposing the observed temperature pedestals at the plasma boundary [16]
or reducing the edge particle fluxes (Fig. 2) [18]. xan is reduced during the H-mode in the
plasma interior, where the gradients are smaller. In accordance with experiment, H-mode
confinement exhibits the same degradation with power as L-mode confinement. At high
powers the overall gain in confinement from the H-mode will be determined largely by the
pedestals in temperature and density established near the separatrix.

- when ion and electron temperatures are weakly coupled, there are differences depend-
ing on which species has the higher temperature: it is easier to achieve high ion tempera-
tures since the ion heat flux depends linearly on vkTi, the electron heat flux depends quad-
ratically on VkTe and xan.i = xan.a Zi (Te/Ti)1/2. Simulations of the "monster sawtooth"
regime in JET [19] (High Te) and the "supershot" regime in TFTR [20] (High Tj) are shown
In Fig. 3. The main plasma parameters are in Table I. The shape of the profiles might be
improved further by including a radial variation of Zeff or by changing the dependence of
xan on the aspect ratio.
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02 0.4 0.6 0.8 1.0

FIG. 3. Experimental ( sjSSjSijj-jgg: , f ) and computed ( ) temperature profiles for
(a) JET 'monster sawtooth' and (b) It'IK 'supershot'.
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TABLE I. MAIN PLASMA
PARAMETERS OF JET AND TFTR

Parameter

B(T)
I(MA)
R(m)
a(m)
b/a
n(10"m>)
PJMW)

JET
No:12898

2.45
2.5
2.90
1.15
1.5
3.0

10.6(ICRH)

TFTR
Ref.[20]

4.7
0.9

2.50
0.82
1.0
3.0

12.5(NB)

Further considerations are important in determining the electron and ion temperatures
within the q = 1 region:

- the "sawtooth" collapse has to be imposed;

- sometimes when pellets are injected during the current rise, the central temperature
gradient is about twice that predicted with this model and a q profile which increases mon-
otonically with radius. This suggests the experimental q profile is inverted [21], and the
anomalous transport is strongly reduced;

- the model fails in describing T-10 observations with 2MW of ECRH power deposited
on axis, although the ohmic results are well predicted [22]. The model gives too high a dif-
fusivity, but its applicability is questionable since for axial values of Te = 10keV and
Ti = 0.5keV the estimated size of the islands, \ , is much larger than the poloidal Larmor
radius of the ions.

6. IMPLICATIONS FOR JET AND FUTURE TOKAMAKS

Plasma behaviour in tokamaks is interpreted in terms of turbulence in the magnetic topo-
logy. Above a critical value of the electron temperature gradient the confinement is
degraded. Specific expressions for the threshold and for the diffusivities have been
derived heuristically. These allow simulation of various different sized tokamaks in various
plasma regimes, including ohmic heating, L-mode, H-mode, "monster sawteeth" and
"supershots". The main uncertainty in the heat flux model is with regard to the depend-
ence on p.

Considering the relatively small extrapolation from present results, the model has been
used to predict the eventual performance of JET. The alpha particle power to be expected
from thermal fusion reactions is given in Table II. Including beam-plasma contributions a
total fusion amplification factor, QDT, between 0.5 and 1 is to be expected.

Although the present model is incomplete with respect to a model for particle and impurity
transport, it has implications in the choice of the parameters for the next step tokamak,
such as ITER, NET and IGNITOR, being considered on the road towards a fusion reac-
tor. For high power, the confinement time, xE « p~a laR1 / 2 , forboth L - and H-modes.
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TABLE II. PREDICTIONS FOR JET; 'CRITICAL TEMPERATURE'
SIMULATIONS

Device

JET

ip

MA

7

7

7

6

7

n«.

W n r 3

7.5

7.5

7.5

7.5

4

2

2

2

2

2

P.dd

MW

0

40

40

20

20

keV

3.5

12

5.6

t1

25

T.

keV

2.6

5.2

3.7

5.2

5.8

P,,

MW

0.014

2.2

0.5

2

25

g*

0.24

1.22

0.86

1.6

0.94

POH

MW

5.6

3

3.2

1.4

2.1

Regime

ohmic q=1

monster
L-modeq=0.8

L-modeq=1

H-mode+
monster q=0.8

Pedestal T, 1.5keV

hot ion L mode
monster q=0.8

= P(%)a(m)B(T)/l(MA)

a reflects the uncertainty in the model (a=0 for Eqs. (2,3)) on p. The ignition product for
such plasmas at the Troyon p-limit is:

n T r E = ( q R / a ) a I2 B R1/2

This stresses the importance of the current capability of the tokamak. To ensure a large
ignition domain the ignition product should be larger than in JET by a factor of about 50 .
Considering the thickness of a neutron blanket, a plasma with minor radius ~ 3m would
occupy approximately one-half of the volume enclosed by the magnets. With an elong-
ation of 2, the necessary improvement on JET could be achieved with a toroidal field of
4.5T and a plasma current of 30MA. Simulations indicate that the maximum fusion power
in such a "thermonuclear furnace" would be near 4GW [23].
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Abstract

HIGH ENERGY PARTICLE POPULATIONS, TRANSPORT PROCESSES AND FUSION BURN
CONDITIONS.

Important issues related to fusion ignition and burning experiments are discussed. Thermal
plasmas with a high energy particle population, such as that produced by fusion reactions, are shown
to be stable to macroscopic m° = 1 modes for higher values of the pressure than predicted by the ideal
MHD theory. The theory developed to demonstrate this improved stabilization process has also provided
the first explanation for the observed suppression of sawtooth oscillations in plasmas with strong RF
or neutral beam heating. A non-linear model is proposed for the electron thermal energy diffusion that
combines the effects of a "fast" and a "slow" process to describe the observed relative independence
of the temperature profile shape from that of the energy deposition and the propagation speed of
localized heat pulses. The ubiquitous mode that depends on the presence of trapped electrons is proposed
as a candidate for driving the "slow" transport. It can produce substantial thermal transport without
comparable particle transport. Also, it is excited over a wide range of wavelengths and survives over
a wide range of collisionality spanned by present-day experiments with different plasma densities.
D-T plasmas with strong a-particle and ohmic heating are simulated with a l | D transport code in a
compact, Ignitor-type device. Ignition occurs over a fairly broad set of assumptions on the sawtooth
oscillations and the thermal transport. A related high field machine, Candor, intended to provide
adequate confinement for fusion burning of D-3He and to be constructed by presently available
technology, is briefly described. Finally, a 1 D transport analysis points out the most important
problems likely to be encountered in the ignition and burn of advanced plasma mixtures in such a device,
notably the control of the plasma density.

1. INTRODUCTION

For several years magnetically confined plasmas have been
at a stage of development where the actual fusion burning of D-T
and even of advanced fuels, such as D-3He, could be considered
within the realm of immediate possibility. However, the
problem of identifying the important characteristics of burning
plasmas is far from being resolved for the lack, of available

' JET Joint Undertaking, Abingdon, Oxfordshire, OX143EA, United Kingdom.
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relevant experiments. Here, we address several major issues
concerning burning plasmas - the stability of macroscopic m°=l
modes interacting with a population of high energy particles,
such as those produced by fusion reactions, the related issue
of the suppression of sawtooth oscillations observed in
present-day, auxiliary heated experiments, for which we have
proposed the first theoretical explanation [1], the likely
thermal energy transport mechanisms that could be extrapolated
to these regimes, and the overall behavior of ignition and
burn for D-T plasmas. We also propose a set of parameters for
a possible D-3He burning experiment that can be built with
presently available technologies, and investigate its
requirements for ignition.

2. HIGH ENERGY PARTICLE POPULATIONS AND MACROSCOPIC STABILITY

The threshold for global modes, with predominant poloidal
number m°=l and driven by the plasma pressure gradient in
magnetically confined plasmas, may be raised considerably,
relative to that of the ideal MHD theory, by the presence of a
"high energy" population of magnetically trapped nuclei. In
this case the model dispersion equation [2] can be written as

where ioA. is the diamagnetic frequency of the thermal plasma
nuclei evaluated at the surface r=ro,where the magnetic helicity
q(r)=l. In addition, YMHD can be considered of the order of
YttHpMB2 -(e^HD)2](r0/R)

2VA/R,when the effect of finite aspect
ratio and non-circular cross-section of the plasma is
neglected, and Yjj *Bph represents the contribution of the
energetic nuclei that depends on the distribution Fon and whose
evaluation requires the use of the Vlasov equation. In
particular, 6p(r)=8Tr[p(r)-p(r) ]/B

2(r), Bph(r) is related to

8Trph(r)/B
2(r) and is defined in Ref.[1],p(r)=r"2/r drt2p(r'),

p is the plasma pressure, Bp is the poloidal magnetic field,
e^110 is the critical poloidal beta for stability against
ideal m°=l modes,VA is the Alfven speed and R is the major
radius. In the low frequency limit w <(Hph' where uipu, is a
characteristic value of the average magnetic curvature drift
(precession drift) frequency of the energetic trapped nuclei, the
dispersion relation reduces to w(a)-a)Â )=-(Y[.ĵ £|-Y0-Y ^/^p,. )

2 .
When Fon is isotropic, as in the case of a-particles

produced by D-T fusion reactions, Y O > Y^/w^ft, so that also
for zero frequency the excitation energy available to the mode
can be reduced considerably by the energetic nuclei. The
relevant critical poloidal beta for stability then becomes
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6p,crit = ( ep H D ) 2 +Ka a n d &pa ± s a n appropriate function of
both the thermal plasma parameters and of the a-particle
distribution. For instance, when TQ=25 keV and &^

HD«0.4, we
have estimated 0pa=O.45. The minimum values of Bp that need
to be produced by prospective ignition experiments are thus
reduced.

For high values [3] of BpCt, such as Bpct~0.4, the "low
frequency" approximation u><wDa/2 breaks down and an
instability supported wholly by the trapped nuclei arises [4].
Consequently., there is a realistic interval of 8 p a within which
the plasma is stable and that we have called the "stability
window" [1]. Near the lower limit of this interval there
remain two oscillatory modes that can be traced back to the
dispersion relation u(u-(oA£)= ~ Y M H D found in the absence of
the high energy particle population.

One of the modes, with <o ̂ w^^. becomes weakly unstable
by its resonance with the precessing trapped a-particles.
In the case of present-day experiments with neutral beam
injection and rather high values of 6p, the analogous mode
has been in fact proposed [2] as an explanation for the observed
"fishbone" oscillations. In D-T burning plasmas this mode can
resonate with a-particles that have lost 90% of their birth
energy and may be considered an effective helium ash remover[5]..

We consider the other mode, with u '\iYMHD/'a)*i» t o ^ e

responsible for the crash phase of the commonly observed sawtooth
oscillations in low temperature regimes. This mode is,in fact,
maintained unstable by the effects of finite electrical
resistivity.

When F . is highly anisotropic in pitch angle, as in the
case of experiments with neutral beam injection or ICRH heating,

2the constant term yQ in ti)(u>-a>Ai) = - [YjyfHD~
Yo~Yi "/^Dh^2 o e c o m e s

proportional to an appropriate average of l-q\r), within the
surface r=r0, that is small. Therefore, the term linear in w
has to be retained. Then marginally stable modes (Reoi^O) are

found if Y>YMHD(1-a)*i/ * Y]MHD)uDh'u*i» w h e r e YMHD 5 Y M H D ~ V
The identification of this process and of the "stability

window" mentioned above has led us to propose the first
theoretical explanation [1] for the experimentally ohserved
suppression of sawtooth oscillations leading to the so-called
"monster sawtooth" regime produced by the JET machine [6].
This is a high temperature regime where auxiliary heating
produces high energy ion populations with most of their energy
in the.direction transverse to the magnetic field. All the
major experimental factors characterizing the suppression pf
sawtooth oscillations, such as the correlation with the peaked
pressure distribution of the high energy particle population,
required in order to have significant values of Y,» a r e

consistent with the results of our theory [1].
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3. ELECTRON THERMAL ENERGY TRANSPORT

Electron temperature profiles in current carrying
discharges tend to assume a nearly canonical shape, outside
a central region of sawtooth activity, over a wide range of
heating power deposition. This behavior suggests a thermal
transport mechanism which is locally "self-organizing". The
extreme case of external heating power highly localized off-
axis, on the other hand, can yield relatively flat temperature
profiles between the magnetic axis and the deposition zone,
implying the absence of a significant thermal pinch. In
addition, the propagation of localized heat pulses in ohmic
discharges is found to be considerably faster than the steady
state transport inferred from global energy balance, but more
comparable in externally heated discharges with flat power
deposition profiles [7],

These observations have led us to propose [8] that the
electron heat transport can be described as a diffusive flux
which reflects the influence of two different processes
described as "fast" and "slow". The "slow" contribution to the
conductivity is independent of the temperature gradient VTe,
but the "fast" process is strongly determined by the departure
of the electron temperature from the canonical profile and has
a nonlinear dependence on VTe. The "fast" process reinforces
the "slow" one for centrally peaked heat deposition, but for
flatter deposition it has the opposite effect.

One way of quantifying these ideas is to express the
electron heat flux as Qe=K(Kg,KF)3Te/3r, assume a canonical
temperature T_(r)=Toexp(-ar

2/a2), define Y=(a2/2arTe)3Te/8r
and write K={ [ K S / / 2 ]

 2+[K S//2+K: F(1+Y)Y]
 2 } 1 / 2 as proposed in

Ref. [8]. We consider the coefficient K S to have one component
K 0 that prevails in ohmic regimes and another which reflects
the influence of increased poloidal beta in the presence of
external heating. In particular, we may choose < Q to be the
well-tested Coppi-Mazzucato-Griiber transport coefficient [8]
and K S as an extension of it that can reproduce experiments
with prevalent auxiliary heating.

The "self-organizing" property of our model as well as
the enhancement of heat pulse propagation over global steady
state transport have been illustrated by the analysis of the
heat pulse propagation in different plasma regimes as well as
of nearly steady state conditions. In the latter case the
role of Kp is that of enforcing a nearly canonical profile
for the electron temperature, but its magnitude does not
influence the (steady state) temperature value that is attained
for a given electron heating source [8].
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4. TRANSPORT ASSOCIATED WITH THE UBIQUITOUS MODE

The ubiquitous mode [9] is a good candidate for the type
of microinstability that can produce the slow transport process
discussed earlier. This mode is driven by the combined effect
of the electron temperature gradient and the magnetic curvature
drift of trapped electrons. The relevant analysis is carried
out in toroidal geometry by the "disconnected mode approximation"
[10] or the ballooning transformation in the limit of Ŝ )i<iIJt̂
<<o<(I3be, where oj^e is the average electron bounce frequency and
ajtji the average ion transit frequency. A simple number-
conserving Krook collision operator is added to the Vlasov
equation to simulate the collisional detrapping of electrons.
The amplitude of the electric potential perturbation is an even
function along the magnetic field line around the minimum B
point. The dispersion relation is obtained in the form of an
integro-differential equation. The mode is unstable over a wide
range of wavelengths that extend to values both much larger and
smaller than the ion gyroradius- and exhibits a strong fluid-
like nature with growth rate Y > d)o, u>o being the real part of
the frequency (see Fig. 1). The quasilinear electron thermal
energy flux produced by this mode is larger than the particle
flux by a factor of 10 or more. This is consistent with the
experimental observation that the particle confinement time is
longer than the energy confinement time. In the long wavelength
limit bi<<l, where b^=k| p?/2, the ion temperature gradient is
the dominant driving factor (ni=d£nTi/dJlnn being the

o.o
10.0 20.0

FIG. 1. Typical dependence oft, the ratio of the quasilinear electron heat flux to the particle flux,
on bt = k\p2

i/2. The normalized growth rate and the real part of the frequency w are also
represented. Relevant characteristic parameters: ij; = 2.5, tj, = 2.5, magnetic field shear
s = (r/q)dq/dr = 0.2, v^ = veff/uibt. = 0.0, e0 = ro/R = 0.15, and rJR = 0.1, where veg and
<j>be are the effective collision frequency and bounce frequency for trapped electrons, respectively, and
rn s \(l/n)dn/dr\~' is the density scale-length.
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representative parameter), while in the short wavelength limit
(b^ 11), the effects of trapped electrons are dominant. Both
the growth rate and quasilinear electron heat flux also have a
strong dependence on ne=d&rtTe/dfcrtn. In addition, we have
found that the mode growth rate is not sharply reduced by the
presence of collisions. Thus the mode is active over a
significant portion of the plasma column and over a relatively
wide range of the peak plasma density. The reduction of the
growth rate with increasing density is in fact consistent with
the observed improvement of the energy confinement time with
density in the low to moderate density regimes.

5. APPROACH TO D-T IGNITION BY COMPACT EXPERIMENTS

Using a 1 /2 D toroidal transport code [11], we have
investigated the time evolution of D-T plasmas subject to strong
ohmic heating in a compact device of the Ignitor tyDe with a
tight aspect ratio and a highly shaped cross-section. In
addition to straightforwardly accommodating a realistic flux
surface geometry, the l^/2 D code permits a direct evaluation
of plasma paramagnetism, poloidal current Ig, volume averaged
poloidal beta parameter (Bp), and the safety factor q̂ ,. The
canonical electron heat transport that we assume is a general-
ization to axisymmetric toroidal geometry of that.produced by
the "slow" conductivity < s described above. Anomalous ion heat
transport in our model is based on the instability of the m
mode with an assumed magnitude and spatial dependence of the
associated global diffusivity [11]. Parabolic density profiles
are held fixed in time, convective fluxes are ignored, and edge
temperatures are maintained at 100 eV.

For an anomalous ion heat diffusivity that decreases in
the outer part of the discharge and sawtooth repetition times
not too short relative to the energy confinement time, ohmic
ignition can be achieved over a fairly wide density range
around an optimal central electron density near 10^-5 cm"3.
Figure 2 shows some details of the discharge evolution for a
typical case. At t=l sec, near ignition, Ie~ll MA, <3p> =.17,
q^=2.8, and qo =0.6. The overall magnitude of the electron
heat conductivity can be increased about a factor of two before
preventing ignition,, and the magnitude of the ion heat transport
is not a sensitive parameter in our model, where most of the
degradation of the energy confinement observed in nonohmic
experiments is already incorporated into x|n» We have
verified that ignition can also be achieved for an outwardly
increasing ion heat transport. A simulation of the CIT device
illustrates the rather strong auxiliary heating requirements
of that design.
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2.0

FIG. 2. Time evolution of a D-T plasma, showing the central electron (E) and ion (I) temperatures,
the ratio Rie of ion to electron thermal diffusivity at the radius enclosing one-fourth of the plasma
volume, the fraction ff of a-particle energy absorbed by the ions, and the total heating power PT. Here,
the peak density n0 = 8 x 1014 cm'3; no sawtooth oscillations are included.

6. ADVANCED FUEL IGNITION AND BURNING

Recent advances in the design of tight aspect ratio, high
current and field devices for D-T ignition have made it possible
to sustain high values of the confinement strength lpBp (where
Bp=2Ip/5(a+b) in kG kA, and cm) for the relatively long times
needed to ignite D- He mixtures. High confinement strength
permits strong containment of the 14.7 MeV protons produced by
the D-3He reactions and also allows a high plasma pressure to be
sustained at moderate values of 3p. A specific device, Candor,
has been proposed with R=170 cm, horizontal radius a=65 cm,
K=i.8, BT=13.5 T, and Ip=17.5 MA [12]. An engineering analysis
of this design has shown that it can be constructed using
presently available technologies and design criteria, adopting
solutions for the main magnet systems that evolve from those
devised for the Ignitor-U experiment [13].

We have verified [12] earlier results, based upon simpler
models, that showed that steady state D-3He burning could be
sustained in a similar type of machine [14]. Unlike D-T
ignition, the energy balance is strongly driven by a balance
between fusion heating and the radiation losses. Near D-3He
ignition (?Fus=pRad^ tlle radiation losses are dominated by
bremsstrahlung, but for steady state burning at finite values
of the energy transport time TEc={We+W1)c/(PFus +PAux~

pRad)-
where c specifies Che confinement region where T<T|-29 keV,
the ideal ignition temperature for D-3He, synchrotron radiation
makes a significant contribution even if the plasma chamber
is highly reflective. The D-3He reaction can provide a
significant fraction of the fusion heating even in the D-D-D
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reaction sequence, in which 3He is not fuelled except initially.
As its importance diminishes, synchrotron losses play a larger
role.

A strong upper limit on the plasma density is imposed on
a Candor-type machine [12] by requiring ideal MHD stability at
finite Sp, while a lower limit is determined by requiring a
reasonable energy confinement time and sufficient density for
the fusion heating to overcome radiation losses. Concentrations
of 3He, n /( 2 n.j^O.3, give D-3He steady states at the lowest
beta and temperature for a given value of the transport time
T E C . Depending upon the radial profiles and the central
particle confinement, a typical minimum 6 steady state may have
Teo=70 keV, <8T> = 9.9%, <8p> = l.l, 6po=5.7 (based on Bp=Ip/5a

/<), neo=1.8xl0
15 cm"3 at T E 5(We+Wi)/PFus=0.8 sec. Note that

T e o and 6 vary inversely to T E.
A ID transport model has been used [12] to investigate

D-3He ignition. In this case, the particle transport has been
retained. The use of initial D-T burning to produce the
required rapid temperature rise to D- He burning conditions
introduces the problem of He ash removal. This is particularly
serious for igniting the D-D-D cycle. An 85:15 mixture of D-T
proves to be the best compromise between minimizing energetic
neutron production and plasma poisoning, and maximizing the
plasma heating. Under moderate assumptions on the anomalous
thermal energy transport ("H-mode" electrons and ion transport
enhanced by (3-4)?< over neoclassical, via an ion mixing mode
model), the maximum central temperature reached by D-T burning
is below that required for D-^He burning (40-60 keV versus
70-80 keV) and some auxiliary heating is required to maintain
and raise the plasma temperature as 3He is fuelled. In addition,
a moderate amount of auxiliary heating is required to speed up
the D-T ignition phase (e.g. 30 MW). Effective central fuelling
of both D and 3He is crucial to successful ignition. Effective
removal of the ̂ He ash (and, to a lesser extent, the protons)
reduces the heating that is required to compensate for the
enhanced radiation losses.
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Abstract

ELECTROMAGNETIC DRIFT MODE TRANSPORT FORMULAS AND EMPIRICAL SCALING
FOR TOKAMAKS.

Laws for the anomalous transport of particles and thermal energy in tokamaks are developed from
(1) local 3D nonlinear ion and electron hydrodynamic equations, (2). global toroidal 3D self-consistent
field guiding center particle simulations, and (3) strong turbulence theory. The transport formulas for
the electron thermal diffusivity xe are derived from both the short wavelength k^p; > 1 and long
wavelength kxp; < 1 turbulence driven by toroidicity, density and temperature gradients. The spec-
trum of fluctuations 4>koJ, Alku is broadband and near the mixing length level as shown by the 3D
hydrodynamic simulations and is comparable with the experimental fluctuations levels. The formulas
derived are used in power balance equations to determine the temperature profile and scaling properties.
Comparisons are made with TEXT and projections made for CIT and ITER.

1. ANOMALOUS TRANSPORT THEORY

a. 3D-EM Simulations of VTe Short Wavelength Drift Turbulence

Local to the outside of the tokamak the temperature gradient driven drift
modes1-2 are linearly unstable for rjj = rn/rTj > F — 1 with the compressibility
F ~ 5/3 to 2 and for eTj = rTJR ^ 0.35. Larger values of e^ are stable due to
the compression. The ^-driven turbulence2"5 is short wavelength with 7e ~
i?e/ (rr.R) > '•"'be and the ^-driven turbulence with 7' ~ u,/ (rTiR)1'2 > wy.
The r/e turbulence3"6 couples to Ay at the long wavelength end of its linear
spectrum where k± ~ wpe/c = p~x (^em,/2?7i(.)

1'2 whereas the ^ spectrum is
electrostatic until $ 5; /?MHD — ^pli2- A local 3D spectral code for the elec-
trostatic potential $ and parallel vector potential A\\ is solved using reduced
hydrodynamic equations for Srij, <Su||j, and 5pj.

The toroidal 77,. instability evolves due to the influence of the E x B convec-
tive nonlinearity and the SB • V magnetic field line nonlinearity to a saturated
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state of electromagnetic drift wave turbulence. The amplitude of the fluctua-
tions in the saturated state is given to within numerical factors by the mixing
length formulas obtained by balancing the mode coupling terms with the linear
terms driving the instability. It is shown that the 3D form of the equations is
important to obtain the correct level of the magnetic fluctuations. The mode
coupling terms terminate the exponential growth phase of the instability with
a transfer of fluctuation energy to the longest wavelengths in the system which
are the c/upe wavelengths. After this breaking of the exponential growth phase
there is a slow transfer of energy along the spectrum to shorter wavelengths.
Without collisional damping this slow transfer to short wavelengths produces
a secular time growth of the fluctuation energy which is terminated by in-
cluding a small high k damping. The spectral features that determine the
anomalous transport are established by the production of the long wavelength
components during the breaking of the exponential growth.

In the dimensionless variables of (x, y) —> pei(x, y), z —* rnz and t -* rnt/vei

with vei = (Te/m,)1^2, pei = vei/u>ce and the scaling of the amplitude of the
fields by

h 2 veieAA _ p^ -

~ 7^ ' ' ̂ ' '
r

P v ' T 8- el
the nonlinear equations for the coupling of the short wavelength electrostatic
fluctuations to the longer wavelength electromagnetic fluctuations as follows:

ft\ 6A 64> & . . ., dP fa .

(2)

(3)

In Eqs. (l)-(3) we include electron crossfield diffusion, resistivity and elec-
tron thermal conductivity to absorb energy transformed to |k| —+ oo which is
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outside the range of validity of the fluid equations. Using the classical trans-
port coefficients, the dimensionless dissipation coefficients are dc = (i/eirn/vei),
TJ = 0.51 (^etTn/ue,-) and K± = 3.11 (fe,rn/ve,-). Here r = Te/Ti and en = rn/R.

In Eqs. (l)-(3) the dominant nonlinearities are the E x B convective deriva-
tive and the B • V magnetic gradient due to the perturbations in the mag-
netic field lines written with the Poisson bracket operator [f,g] defined by
SB • V / = - z • VA x V / = -[A,f] and vE • S/g = z • V<p x V# = [<j>,g]. We
define the volume average by {F) = V~x J d?x F(x,y,z,t) = L~x / dx F(x,t)
and note the properties (h[f,g]) = (f[g,h]} = [g[h,f])-

Four crossfield correlation function,2 such as qea(x) = urpe, determine both
the quasilinear evolution of Pe(x, t) and the flow of fluctuation energy between
the three field components of the fluctuation energy E+ = 1/2 (<f>2 + (V<2>)2)
EA = l/2{(V2A)2 + ^/2r(VA)2), and Ep = 1/2 ((P)2). The total fluctua-
tion energy Ex — E<t> + EA/T2 + EP/VT satisfies

(4)

In the nonlinear regime there are two mixing rates: (1) the E x B mixing
frequency fig determined by the time for convection around the vortex given
by $k{x,y) and (2) the spatial rate of mixing kit1 determined by the distance
along Bo required for going around the magnetic vortex given by A\\b[x,y).
The E x B mixing rate is given by

(^) (5)

which produces7 stochastic E x B transport at the saturation level fig ~ |w]c|.
The magnetic spatial mixing rate is given by

which causes stochastic transport when k^ ~ k?,. For electromagnetic fluctua-
tions with £|| ~ 0 the mixing rates (5) and (6) are related by kj^ ~ ^(ng/w).
The end of the linear regime and "wave breaking" occurs at the saturation
levels ui ~ fig and fcj? ~ k?,1 yielding the mixing length fluctuation amplitudes

1
Te kxrn

u> -d ^ a J (7)

Test electron orbits in tokamaks with such levels of electromagnetic drift wave
fluctuations show global stochasticity with transport7 well described by the
diffusion approximation.

For 7/e, en past their threshold values the linear instability continues to grow
until the mixing rates are sufficiently rapid to essentially eliminate theelectron
pressure gradient over the width Tt(kx of the fluctuation. Thus we estimate
for the saturated state that
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V{pe + pe) ~ 0 and pe) ~ 0 (8)

in the strongly turbulent state. Both conditions in Eq. (8) determine the same
mixing length level of the pressure fluctuation

(9)dx

The rate of mixing fig saturates when Q,E ~ Ik and the rate of magnetic mixing
when k^e ~ k°, which determines the transport: these nonlinear fluctuations
are consistent with the quasilinear fluctuation equations of Eqs. (l)-(3). Using
the dominant terms in Eq. (3) yields

Ik 1 1

\kx\\RrTt

1/2

(10)

consistent with QE ~ ~/k. Using level (10) for $k and Eq. (2) gives for

Te

1 . ck\'.0

(11)

which is consistent with kl^ ~ k?,.
The main results are illustrated by Figs. 1 and 2. For the parameter values

en = 0.1, r}e = 1.0, /?«. = 0.01, and T = 1, and the simulations are carried
out on a 64 x 64 x 20 grid spanning -3.2 < kx, ky < 3.2 and -0.4 < kz <
0.4. From the initial noise levels the eigenmodes grow exponentially, then the
saturation occurs and finally the system reaches the steady state. We observe
in the saturated state the rms pressure fluctuation SP ~ 20, the electrostatic
potential fluctuation 5<j> ~ 8 and the magnetic fluctuation 8A ~ 2 comparable
with the mixing length estimates in Eqs. (9)-(ll).

Figure 1 shows the ky spectrum of ^ ( k ) . Before the saturation point,
the spectrum peaks at kx ~ 0.1 and ky ~ 1.0 at which the linear spectrum
has its maximum growth. But at the final stage, the spectrum peak moves
to the longest wavelengths of the simulation grid, k^^ ~ kt ~ u>pe/c and the
spectrum evolves into the isotropic state, kx ~ ky ~ wpe/c.

In Fig. 2 we showed the z-y-contour plot of <̂ (x, t) and A(x, t) at z = 0. The
box length and width are 64pei x 64/»ej and c/wpe = 14.1/9 .̂ The contours of
potential fluctuation, which are the streamline of E x B drift motion, shows the
E x B flows are chaotic. The magnetic fluctuations, which are initially random
Gaussian, saturate into large scale magnetic vortex structures formed at the
steady state. Through this formation of large size vortex, the stochastic diffu-
sion of the trapped electrons determines the anomalous electron conduction.
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FIG. 1. Change from quasilinear spectrum to turbulent steady state peaked at cope/c.

FIG. 2. Contours of electrostatic potential and parallel vector potential.

It is straightforward to calculate the diffusion of test electron guiding center
distribution f<-{t) given by the Hamiltonian H = (c/B) Hk(<Pk ~u||^||k) which
leads to the thermal diffusivity

2 I "D I ~~5
\RJ eBrn

(12)

where the c\ contribution is from the k± ^ ^pe/c stochastic diffusion of t rapped

electrons and the C2 contribution is from the E x B stochastic diffusion at
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k± ~ oJci/c,. In our view the broadband kw fluctuation spectrum together
with the stochastic nature of the electron transport make the test particle
diffusion rate in Eq. (12) applicable to the thermal plasma.

For the 3D-7e fluctuations we find that the stochastic EM electron dif-
fusion occurs for QE — ckxky$k/B ~ w(,e = vee

ll2/qR at kx ~ wpe/c and
from the E x B turbulent convection for Q,E — Aw ~ c,/rn for long wave-
length modes kLps < 1. The resulting electron thermal diffusivity in Eq. (12)
reduces to X, = X™ + X<2> where X^ = Cl3.75 (aT^2/R2qn20)m

2/s and

X<2) = <n3.2Z{a/R)1'2 (T^2/aB2)m2/s with a,R in meters , Te in kev, B in

Tesla and n in 102Om~3. The X|2) transport is derived by Mahajan8 including
r)e and magnetic shear.

Renormalized turbulence theory for electromagnetic fluctuations is used
to derive the electron diffusion Dj_e ($fci A],). In the strong turbulence limit
Zhang and Mahajan5 show that D±e ~ u>/k\ for w ~ iTk > &|p||e- The particle
Fe and thermal flux qe are computed from the energy-E moments of the local
D±e(E) and shown to be thermodynamically consistent.

The essential assumptions in this theory5 are: (a) the shear damping effect
is suppressed, either by toroidicity or by nonlinear vortex effects, to allow the
electromagnetic fluctuations to grow, (b) The saturation level is determined
not by the balance of the nonlinear damping rate with the growth rate, but
by the strong turbulence balance of the linear and nonlinear parallel currents.

For electromagnetic drift modes driven by temperature and density gradi-
ents the theory gives

c2

(13)

with the magnetic fluctuation level SB/B = c3(p,./rTc). Here X̂ 3) — c30.531 x

b. 3D Toroidal Guiding-Center Simulations

Intrinsically global toroidal features of the fluctuation spectrum are inves-
tigated further by integrating the guiding center equations of motion with the
self-consistent electrostatic field E = — V$ and the finite aspect ratio magnetic
field B = Bo (e* + cea/q) /(I + c cos 9) where s = r/R and q{r) = rB0/RB${r)
is given. Ion motion can be either full Lorentz force or guiding center.

Unstable toroidal drift waves are observed with shear s = rq'/q ~ 1
where the slab mode (^ = 0) drift waves are stable. The simulations con-
tain both u/ < v\\ijqR ions, and show ballooning modes. The frequency spec-
trum has a banded structure with many modes with comparable linear growth
rates centered on different rational surfaces. Because of the multiple ra-
tional surfaces the profile flattening appears weak; the fluctuation level is

/ ~ (0.3 — 0.5)pi/rn in the case rn = rj,. = 0.
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3 . 0

0 .0 0 . 3 0 .4 0 . 6 0 . 8 1.0

FIG. 3. Comparison of theoretical xl'1 with value inferred from power balance in TEXT.

2. SCALING LAWS

Using the simple formula TE = a2/4Xe the electron energy replacement time
can be computed from Eq. (12) as

Clre
1/2(kev) 0.856* (?)

ms (14)

For TEXT and Alcator A and C the term
the confinement reduces to

afl2 (n20TJB2{T)) < 1 so that

ms (15)

using g = 2 and c\ = 1.0. Result (15) is the same as formulas (p. 1131) in
Ref. 9 where the neo-Alcator formula is derived from power balance studies in
both Alcator A (R = -54m) and C (R = .58 - .71m).

To test the radial dependence of Xe we use the TEXT transport modeling
code of Wiley et al.10 In Fig. 3 we show the experimental power balance Xt

compared with formula (12) with c\ = 1 and c2 = 0. The best fits are obtained
for C\ = 1.0 — 1.5 with the c2 term making a negligible- contribution. Thus, we
conclude that electromagnetic fluctuations can explain both the neo-Alcator
formula summarizing the Alcator A and C experiments as well as the TEXT
experiment, although a complete parametric study of the fitting remains to
be done. In the edge plasma of TEXT there is a strong sheared E x B flow
with 7 ~ \{dVsldr) ;> w*eit- so that Kelvin-Helmholtz related convection with
e<z> ~ eA$ ~ 3Te and other edge modes must be considered at r ^ 25 — 27cm.
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TABLE I. ELECTROMAGNETIC DRIFT WAVE ELECTRON TRANSPORT

R

a

B

ne

Tc

c2 avc

< qR2

/ a \ " 2 pscTe

\RJ aeB

Pe

TEXT

1 m

0.27 m

2 T

3 x 10" m"3

1 keV

1.7m2-s-'

1.5m2-s-'

0.33 MW

0.010 s

CIT

1.4 m

0.67 m

10 T

1.5 x 1021 m"3

7keV

0.11 m2-s"'

0.62 m2-s"'

30 MW

0.20 s

ITER

5.8 m

2 m

5 T

2 x 1020 m"3

lOkeV

0.18 m2-s-'

1.2m2-s"'

80 MW

2 s

The short wavelength c/wpe electromagnetic drift wave turbulence domi-
nates the long wavelength p3 drift wave transport for low densities (TEXT)
and at higher densities in smaller major radius machines (Alcator A, R=.54m,
Alcator C, R=.5S-.71m). In scaling the parameters either to CIT or to ITER
the situation changes due to the higher density (CIT) or larger major radius
(ITER) as shown in Table I. The long wavelength p, drift wave transport
formula reduces to

(16)

which for nominal TEXT parameters given in Table I gives X<2) ~ c21.5m2/s
and TE = a2/4*i2) = 12ms/c2. Applying Eq. (16.) to the CIT and ITER gives
approximately the same X*2' as in TEXT since the value of T3^2/aB2 varies
weakly over the three machines. Thus, the increase in TEC comes principally
from the increased size and the suppression of the X̂ 1? transport.

Following Zhang and Mahajan5 the electron temperature profile Te(r) =
T*T(x) is determined from by the Xe formulas and the electron heating de-
position profile Pep{x) with $ p(x)2xdx .= 1. We integrate the differential
equation
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f] = Pe ['p(x')2x'dz' (17)
Jo

to obtain the dimensionless profile function T(x) and the scaling law for T*
as a function of Pe by the condition 4x2RneT*X* = Pe. The results for the
central electron temperature from formula (17) using X^ give

using XW

TJQ) = 0.563 (^S.) (19)
\ aci J

and using X^

We use these formulas to find the electron power values given in Table I. For-
mulas (18)-(20) give the extrapolated Te(0) without sawtooth losses: adding
reconnection losses for q < 1 in the transport code10 lowers the predicted Te(0)
in line with experiments.

In all cases (18)-(20) the central electron temperature is nearly independent
of the edge temperature and increases as a fractional power, 0.5 ± 0.15 with
the applied heating as shown clearly in the Doublet-Ill experiments.11

From these theoretical formulas we find the following results from power
balance: 1) "Profile Consistency" is valid. The temperature profile is found
to be almost independent of the density profile and is only weakly dependent
on the power deposition profile. The scaling laws (18)-(20) are in reasonable
agreement with the measured tokamak heating laws.

In conclusion, both theory and simulation reveal that electromagnetic fluc-
tuations (u> ^ w*e), which produce electron diffusion through stochasticity
in the guiding center drifts, are capable of reproducing most of the essential
features of the observed electron thermal transport.
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Abstract

DAMPING OF TOROIDAL ROTATION BY ANOMALOUS ION VISCOSITY.
The quasi-linear drift turbulence theory of toroidal momentum damping in axisymmetric plasmas

for the banana collisionality regime is studied. The toroidal angular velocity is considered as a flux func-
tion, with viscosity between adjacent flux surfaces giving rise to damping of the toroidal rotation.
Anomalous viscosity is shown to be due to resonance interaction of passing ions with drift wave fluctua-
tions. By employing a spectrum of Pearlstein-Berk structure modes satisfying the symmetry of balloon-
ing representation and using appropriate action angle variables for the description of particle motion the
viscosity is evaluated as i\ ~ (ps/LN)(cT/eB).

In spite of the current lack of a general approach to the cause of anomalous
transport in tokamaks, the most probable mechanism for anomalous radial transport
of charged particles is their interaction with drift waves with w ~ (kx/LN)(cT/eB)
and k x p s ~ 1. This is confirmed by experimental measurements of spectral charac-
teristics for fluctuations in the plasma volume. In numerous works on transport
studies in the presence of drift turbulence [1] the greatest attention has been paid to
the calculation of diffusion and heat conduction coefficients which determine the
main plasma parameter, energy confinement time. At the same time, such quantities
as turbulent forces and an anomalous viscosity tensor, as well as the effect of rotation
on transport, have rarely been discussed, although their role in anomalous transport
is not always evident.

The scope of the present paper is a study of anomalous ion transport within the
framework of a quasi-linear approach, including passing and trapped particles within
collisionless rotating tokamak plasmas. Ions are assumed to interact with the electro-
static part of the drift oscillations only.

The action angle variable technique [2, 3] which allows one to take into account
a difference in the topology of drift trajectories for passing and trapped ions and to
greatly simplify the procedure of averaging over a magnetic surface is used in this
paper.

221
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In the toroidal quasi-linear theory the lowest order distribution function evolves
according to the equation

afo(f,t) _ a B ^ f ( r t ) (1)

°l dJ dJ

where D, the quasi-linear diffusion tensor, is given by the following expression

*" (2)

Do = | j ?

and adiabatic invariants J = (M,P,J), together with the corresponding angles,
6 = (6g,<p,8), form the most suitable set of phase variables.

The actions are defined as

mv2, m2c
M = = u

2fic e P

P = mfR2 - — *(a) (3)
c

J = - <t ~¥~ a W.Ho.P^)2

Here, a = BTr2/2 and ^ and £" are the poloidal and toroidal angles. The magnetic
field of a tokamak is written in the flux co-ordinates (ar,/8,£) as B = BT + Bp

= Va x v/3 + Vf x v ^ , ^ = Jda/q(a) is the poloidal flux, q = rBT/RBp;
we assume that B = B0(l - e cos /?), taking into account the fact that Bp -̂  BT. The
Hamiltonian representing the motion of a particle in a magnetic field in the presence
of electrostatic waves is given by the expression:

H = Ho(J) + 6H

(4)

Ho = ~ -

The equations representing unperturbed particle drift in a tokamak have the form:

J = const
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To calculate the frequencies Q it is necessary to use the expression for the velocity
component along the magnetic field when the unperturbed potential % exists. It is
known that the presence of a radial electric field, Er = — V$o, results, in the zero
approximation, in toroidal plasma rotation with the velocity Vy = cEr/Bp; in this
case the longitudinal velocity of a particle can be represented in the form:

v, = V, + <juo [K2 - sin2,3/2] "2 (5)

where K, the parameter of separation into trapped particles, t (0 < K < 1), and
untrapped particles, u (K > 1), is determined with regard to the centrifugal potential

K2 = Ho - mvnV, - e$0 + (mVjj/2) - m^B0(l - e) ( g )

Thus, the terms proportional to wE = V|/R, taking into account particle drift,
emerge in the expressions for frequencies [2], and the dependence of frequencies on
the motion integrals has the form

(8)

qu§ /K2E(K-') 1

Here, the following notations are used:

u0 = 2(etiB)m

eB
fic =

me

*(K) = (2S + 1) £(K)/3C(K) - K2 + 1/2

£(K) = E(K) - (1 -K2)3C(K)
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where JC (K) and E(K) are the complete elliptic integrals of the first and second kinds,
and S = rq'/q is the shear.

Let us use the evolution equation obtained in Ref. [2] for an arbitrary quantity,
X, averaged over the distribution function and over the magnetic surface

at / r ar

= ( j d v x O = —; ( dFdv6(a-a)fx (10)

where

V'(a) = § d/3dr Vg

Vg" = (q-V/3-Bp)"1 = R/Bo

V'(«) = (27T)2R/BO

Zu

dJde Do 73f0 -da „ „ _ - , . . ( U )

m J V rB aj aj

Choosing x = 1, mvr, mv2/2, one obtains the fluxes of particles F, toroidal
momentum TT, and heat Q, as well as the sources in the right hand side of Eq. (9):
U[l] = 0 for particles, the force R in the momentum equation and the power P in
the heat equation. Thus, the set of quasi-hydrodynamic equations has the form

= oat

m ° " T" + 3rir = R (13)

3(3/2NT) + a Q = p
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where

a - 1 d r

The terms which are not related to anomalous transport, as well as the terms due to
the toroidal electric field effect [2], are omitted in Eqs (13).

The interaction of particles with fluctuations is represented by the perturbation
Hamiltonian, SH, the Fourier components of which in the angular space 0 are used
to calculate the diffusion coefficient (2). Using the expansion

SH = £ 6Hi» exp {if? - iwt}

where i = (2g,2, - n ) are the integers corresponding to the Fourier harmonics in the
angular space 0, SH;rw is given by

SRiu = (2TT)-3 <t dd exp {-i(g0g - it? + in0}

x exp {ik±p + iLf - iN|3}

Here the expansion

k±p = k^p sin dg

L = (L,N) means the harmonics in a space of physical angles. We henceforth always
take ig = 0, neglecting the cyclotron effects: £ = (£, - n ) .

The integration is trivial for untrapped particles, since their deviations from
magnetic surfaces can be neglected; then the canonical and physical angles coincide
with each other.

Integrating over 0g, one obtains

5H£w = e*jLJ0(k3p) 5U 5Nn (14)

where k0p = k^s^ /^ ' ^Uo /Vt , v, = V2evT.. Using the dependence between cano-
nical and physical angles for trapped particles [2]: 0 = 2K sin 6, <p — f — qjS, one
obtains:



226 OSIPENKO et al.

m l = E e*fN Jo(kep) J"[2K(&1 ~ N)] 6" (15)

N

Bessel functions in (15) emerge owing to the wave potential averaging over the cyclo-
tron and bounce oscillations or, in other words, represent a difference between the
helicities of modes localized on rational surfaces and the drift trajectory of a particle.

The model spectrum $£_„ is used in this paper; u is the frequency of
fluctuations in the system of co-ordinates related to the plasma. The frequency
spectrum is chosen tb be Gaussian or uniform, with Aw = Xo>*, where co* ~ vs/LN,
vs = (2Te/m;)l/2, and X is the numerical factor. It is also assumed that the modes
are localized on the rational surfaces, kj = (Lq - N)/qR = 0, and the width of
localization is determined by ion Landau damping so that

|r - rIN| < W ~ A — ——
I LIN I ^ r ' l i-p, T

where Lj l = S/qR, q(rLN) = N/L. The spectrum with respect to kg = N/r cor-
responding to experimental measurements [1] is used in this paper. It has a maximum
at k ^ ~ 1 and drops at infinity as (kpLw)'1.

Since the summands with respect to L,N,W are smooth over the intervals
AL = AN = 1, the sums can be replaced by integrals, according to the following
rules:

N - V

L - N/q(rLN

x = r - rLN

N,L

Thus, the model spectrum has the form:

w dx 1E
L.N.W

X
J-CO

2

ir)

-(pu
dco

s VJ
4

IT Jo o W

(16)
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providing normalization

s
As shown in Ref. [4], the plasma rotation results in the Doppler shift by #oE in

the frequencies of fluctuations; therefore in the averaging over the spectrum the
variable u> — w - twE, with respect to which the frequency spectrum is symmetric,
is used.

Let us choose the ion distribution function in the form

f - A exn f»"MB, + m(v,-V,)*/2

for the plasma rotating with the velocity V|. Here

N = No(¥) exp {mVJi(¥)/2T(¥)}

The distribution function (17) for passing particles is a function of motion
integrals. Using the fact that J = ea/c,

P + —

mR

it is easy to obtain:

dT erB0

. k l

nc f N6 , I 2MBn + V? + v? 3 T '

J erB k, (v , -VJ-
nc T l
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Note that the phase volume for circulating particles can be written in the form:

(21)df =
Bo

dv, dE \ da
- c o J O

where E = m^B0/T. It is appropriate to reduce the resonance condition to the form:

k i ( v i - v , ) = 5

instead of

i Q — OVj/R) - (nv,/qR) - (n«E/q) = « - (o)E

Then

(22)

Substituting the expressions (18-21) into (11), (12) one obtains:

m (w/kj + V])
erB
nc

G (23)

G =
31 T' 2M V{ erB _u_

nc T

x exp

C0T = kyVT

Z =

(x)
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From (23) it is easy to see that the force vanishes,

for the spectrum symmetric with respect to n, kn, w, contrary to Ref. [3], where the
Doppler shift in the frequency of fluctuations is not taken into account.

From (23) it also follows that the flux of particles and the momentum flux are
related to each other

iru = mV,ru - m ^ N V i (24)

Integrating the Fourier components of fluxes (23) over the spectrum (16) at X ~ 1,
one obtains the following expressions for transport coefficients and fluxes:

(25)

( 2 6 )

QU = rnVf pu _ mN^ViV, _ | DUNT <^_ + i - I J j (27)

Omitting the calculations of trapped particle fluxes, one notes that the contribu-
tion of trapped ions to the diffusion and heat conduction coefficients turns out to be
vT times lower than that of passing particles and the contribution to viscosity is even
lower (/Op/a times), although the contribution of trapped particles can dominate in
electron transport [5]. This fact is related to different mechanisms of ion and electron
resonance interaction with fluctuations. The bounce resonances, which are not effec-
tive for electrons, with their high thermal velocities, turn out to be dominating for
ions, and their total contribution is qR/LN times greater than that of the resonance
with toroidal precession, which is equally effective for both electrons and ions. The
flux of passing electrons with the Ohkawa type diffusion coefficient turns out to be
much lower than the flux of passing ions, since the oscillations can be considered as
electrostatic for ions, while for electrons the effects of electric and magnetic parts in
fluctuations cancel each other. Thus:

~ Df
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5: 1MY / 2
yj

D" ~
qR

Pinching effects take place in ion fluxes, as well as in the fluxes related to electrons
[5], because the centrifugal potential in the distribution function increases the fraction
of low energy particles giving a negative contribution to the coefficient in front of
the temperature gradient in the flux of particles by (V]/vT)2.

Let us write the evolution equation of toroidal rotation velocity in the explicit
form, using the results (24), (25) in the approximation vf = V]

mN(dV||/dt)-dr(mN/iuVi]) + mV^Y? + mVyS = M (28)

where S is the source of particles and M is the external momentum source. From this
equation one can estimate the time of toroidal plasma rotation damping T$ ~ a2//*.
With regard to (25), /*" ~ Du, one obtains TE ~ TP ~ r$, which is in agreement
with the experiments on TFTR [6] and PLT [7].

averaged over the radius gives a scaling law of the type:

„ . a3B2Z2

(29)

where a is the minor radius in m, B is in T, Te and T; are in keV, and A is the mass
number of the plasma ions. The scaling law (29) quantitatively gives values close to
those within the error bars of experimental measurements as obtained in Refs [6-9].

A scaling law of the type (29) has been proposed in Ref. [10], where the term
rd ~ a2/Di; Dj ~ (pj/a) (cT/cB), on the basis of qualitative considerations, has been
introduced into the expression for T*: r$' = T^ + rf1; TT = rEm/M/3e is related to
ion scattering on the short wave fluctuations, k± ~ w^lc, the interaction of which
with electrons results in anomalous heat transport

Xe ~

2 v.
qR

with the energy confinement time rE ~ a2/xe- Unfortunately the experimental
dependences of the deceleration time for toroidal plasma rotation on such parameters
as the toroidal magnetic field, major and minor plasma radii, and electron and
ion temperatures are so uncertain that it is difficult to decide between the scaling
laws (29), [10] and [11].
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In conclusion, let us formulate the main results of our study. A set of equations
for anomalous hydrodynamics of rotating plasmas under conditions of rare collisions
has been obtained within the framework of the quasi-linear theory with regard to
spectra similar to the experimentally measured ones. It is shown that the anomalous
losses through the ion channel can exceed the losses through the electron channel,
which corresponds to experiments [12] where Xi ^ Xe in the whole plasma volume,
and at r/a ~ 0.1-0.5 x, is virtually independent of the radius, which is in qualita-
tive agreement with the proposed scaling law

Y ~ LN eB

In spite of the fact that the results of this study are not sensitive to the precise
spectrum configuration, it turns out to be essential to take into account a finite length
of mode localization rational surfaces with a characteristic width ~psLs/LN, as well
as the Doppler fluctuation frequency shift at coE = -c*o/BpR; the latter, as shown
above, results in the vanishing of the force affecting passing particles from fluctua-
tions and, moreover, in the vanishing of the electric field in the heat and particle
fluxes; it indirectly affects transport through density variations, as a result of centri-
fugal effects.

Thus, it turns out that Dj ~ Xi ~ fa, and the scaling law (29) is obtained for
T* ~ aV

From the theory presented here it follows that ions play the main role in
anomalous transport at r/a ~ 0.1-0.7, where the considered theory of interaction
between particles and drift turbulence is applicable.
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Abstract

THE DENSITY LIMIT AS A CONSEQUENCE OF THE THEORY OF SAWTOOTHING AND THE
DRIFT WAVE TRANSPORT CODE.

At any /3 and any q0 < 1, the jump of the derivative of the MHD solution across the singular
q = 1 layer (p = p{) is sensitive to a rapid variation of the slope of the current density occurring at
some p2 if the distances ratio (p2 - p\)lp\ and the shear parameter s(pj) = S] are small (~apj/R). It
results that the instability growth rate can pass from small resistive to large MHD values — so that saw-
tooth relaxations can be triggered — if S] and/or (pi - P\)lpi is allowed to vary over a certain,
correspondingly small, range. Dissipative trapped electron transport in the 'confining' zone beyond the
q = 1 surface is compatible with these requirements for the occurrence of sawteeth at sufficiently low
densities but tends to prevent, for a fixed amplitude of the sawteeth, the MHD phase of the precursors
from developing at higher densities. There are thus two possible scenarios for rising density: either the
amplitude of the sawteeth increases or the MHD instability is quenched; the sawteeth would then disap-
pear, the current sweep into the core and the plasma contract violently and disrupt. Dissipative trapped
electron transport otherwise reproduces extremely well the Neo-Alcator scaling law in Ohmic dis-
charges and the confinement degradation when auxiliary heating is turned on.

1. INTRODUCTION

Dissipative trapped electron (DTE) transport is inefficient in the tokamak core
where the magnetic mirror effect is weak. Thus either the central plasma collapses
owing to its thermal instability or DTE transport is superseded by another diffusion
mechanism, necessarily one with a lower local threshold. Experimentally the latter
mechanism appears in the form of energy bursts, the sawtooth relaxations. When the
density is increased these become quenched, in TEXTOR, and the whole plasma dis-
rupts. The density limit thus appears to be linked to the onset of the thermal instabil-
ity. In this work we present a model of sawtooth relaxations, triggered by suddenly
and rapidly developing precursors, which is valid at any /? and any axial safety factor
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q0 below unity. We show that the occurrence of sawtooth relaxations according to
this model is compatible with the properties of DTE transport at sufficiently low den-
sities. As the density is increased, the precursor's maximum growth rate tends to
decrease unless, as observed, the amplitude of the sawteeth increases. It can be
expected that above a critical density the precursor oscillations can no longer become
MHD unstable. The sawteeth should disappear and the current sweep into the core.
This critical density is the density limit.

The first part of this paper discusses the theoretical constraints required for the
development of sawteeth in the core. The ideas are new and their consequences are
in remarkable agreement with theory. The second part briefly describes results from
our DTE transport code before the new theoretical knowledge on sawteeth was incor-
porated. The third part discusses the expected outcome of the integrated model of
DTE transport and the underlying mechanism of sawteeth.

2. THEORY OF SAWTOOTH PRECURSORS AND CONSTRAINTS TO BE
MET IN SAWTOOTHING DISCHARGES

In TEXTOR [1] (and also in TEXT [2]) sawtooth oscillations occur while
the axial safety factor q0 is well below unity. Only within the last 2-3 ms prior to
the temperature crashes do 1/m = 1/1 precursors develop, although the sawtooth
period is of the order of 15-20 ms. In view of the long magnetic diffusion time-scale
(~ 60 ms), the question arises as to whether a tearing mode — which is always unsta-
ble when q0 < 1 — can be characterized, at the operating /3's, by very different
growth rates within a sawtooth period (13 is the ratio of kinetic to magnetic pressure).

The rapid acceleration of the precursor instability and the suddenness of the
sawtooth collapse suggest a narrow resonance process. The explanation of the obser-
vations should then entail a small parameter. Provided the inverse aspect ratio is kept
finite, calculation shows that there is a class of current profiles around which small
variations lead to spectacular changes in the precursor growth rate. This class is
characterized by a change of slope next to, and by a small shear at, the q = 1 surface.
Technically this follows from the fact that the well known logarithmic solution would
no longer remain genuinely antisymmetric in the limit where J ' would be discontinu-
ous at p = p[. As it turns out, the profile properties listed above are clearly
observed in TEXTOR [1].

The theory is as follows. We solve by expansion, up to order X = (a/R)2 (in
TEXTOR a/R = 0.46/1.75), the toroidal magnetohydrodynamic equation pertaining
to the regions away from the resistive singular layer q(/o,) = 1:
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Here \J/ is the radial component of the magnetic perturbation,

(lb)

£ = 0(1), £ = -13/16, and the remaining notation is standard. (Equations (la) and
(lb) are easily obtained from Ref. [3] by considering that the Shafranov shift
A ~ (Xp2/8)R inside the q = 1 surface.) We adopt the following parametric model
(parameters a, po and p^ for the current density profile:

J = Jo for p < p0

J = oJ0 for p0 < p, px (2)

j = a J n (&)*. for

to calculate explicitly the well known I/A'; the latter is the inverse of the jump of
the logarithmic derivative across the singular layer and a measure of the instability
growth rate. Letting the distance from the point of discontinuous slope to the q =
1 surface and the shear at p t simultaneously become small, i.e. considering the limit
0>2 ~ PIVPI — §i/8/» — 0 (fi fixed), we obtain

1
A'

\p\ll

(16/13) s, -
(3)
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FIG. J. Comparison between the actual {p. = 2) and the conventional theoretical (p. = 0) normalized
growth rates in toroidal geometry. Broken lines correspond to asymptotic analytical results.
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from a zero j8 calculation; here f(/i) is a monotonic function with f(0) = 0,
f(2) = 2/3, and for lim (/x — oo) % ) = In 2/*. It is stressed that if f(jt) s 1, the
finite aspect ratio term — which appears here for the first time in an analytical expres-
sion of I/A' (more precisely of M']£j — already competes with the conventional s\
term while §i ^ 2 VX p t; it is readily demonstrated that the expanded solution of
Eq. (1) is valid in these conditions. (The solution by expansion only breaks down
when §i :£ I6\p\. Actually the new term in the denominator of Eq. (3) arises from
the second lowest order (X = 0) solution to Eq. (1) (the first one being \p <x F), the
amplitude of which is of order ef only in view of the boundary conditions.)

Equation (3) shows that the sign of I/A' can be different from that obtained at
low j3's by Bussac et al. [4]. The growth rate, which is a function of this parameter,
can pass from low resistive values (I/A' — 0 or I/A' > 0) to large MHD ones
(I/A' < 0) for only slight absolute variations either of the shear parameter s{ or of
0>2 — Pi)/Pi- Figure 1 shows, for typical TEXTOR parameters, the product
77e (7e is Braginskii's collision time) as a function of the shear §], assuming a resis-
tive fluid model of the singular layer [5, 6] and n - 2. Asymptotic analytical results
are also given, namely

(Rr,/aiCeTe)

2/3

(4a)
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? - (16/13)

where a, is the ion Larmor radius and ce = VTe/n\ is the electron thermal speed.
Clearly when the shear passes, say, from 2 x 10"3 to 1 x 10"', the growth rate
jumps from 0.3 ms"1 — this can be tolerated over a sawtooth period — to 20 ms"1.
This corresponds to the time-scale of the central temperature crash. The ratio
(d In 7/dt)"'/(d§1/dt)"1 of the acceleration time-scale of the growth rate to the mag-
netic diffusion time-scale at the q = 1 surface can be calculated from Eq. (4b) to be
§,(0 - l)/20 « 1, where 0 = 13Xpf f(fi)/4s? > 1. This goes to zero (when
6 — 1) for a critical value of s, which increases with p. In contrast, there is only
one time-scale in the conventional theory which corresponds to the limit p. = 0.

The conclusion from the above analysis is that a sawtoothing discharge must be
characterized by the following two conditions:

and

G°2 - Pi) (5b)

These constraints are well verified by the Faraday measurements in TEXTOR [1].
A quantitative comparison is given by Fig. 2, which shows the measured and the cal-
culated J curves. The parameters a and p0 entering our theoretical model have been
calculated by noting that q0 = 0.69 (measured) and by assuming the two terms in
the denominators of Eqs (3) and (4b) to be equal (^ = 2). The theoretical curve has
also been corrected for toroidicity (J oc B^ in a force free field). Moreover, Fig. 6
of Ref. [1] shows that 0.75 < 2irRJ,/cB0 < 0.8 over a large range of plasma
currents, densities and magnetic fields; this result lends additional support to our
theory.

3. RESULTS FROM THE DTE TRANSPORT CODE

On the basis of a non-linear theory of the DTE instability we have derived the
following expression for the electron heat conductivity ([7] and references therein):



238 ROGISTER et al.

75

25

Theoretical Curve

Experimental
Results (from
diamagnetism)

1^1=1.30

ne(101V3)

FIG. 3. Calculated and measured energy confinement limes for the Ohmic density scan.

(Xe = 0 if Y* < 1) where, for not too low collisionality factors (i.e. values of vf
compatible with vtft > o>* where ve{{ = l/ere and w^ is the electron diamagnetic
frequency),

7 * = 2 3 it-
e3/2Te

2Lsbn

Zeff)
(6b)

The units are m, s, keV, T, and 1019m"3. Here /i is a code normalization parameter
( - 1 ) ; bn(c*) and bp(i>*) are for practical purposes unity; g depends on the radial
overlapping of the eigenmodes; A ; is the atomic mass; and the remaining notation is
standard.

In obtaining the results presented below, the code simply solved the heat trans-
port equations (with threefold neoclassical ion heat conduction) from >/2/Di, a value
suggested by Kadomtsev's full reconnection model, to pb = 0.87; T e b = T i b was
prescribed and the density profile taken from the database. For p < y/lpj a flat
temperature profile was essentially assumed.

Figures 3 and 4 show the calculated and the measured energy confinement times
for an Ohmic density scan and for an ICRH power scan, respectively (in both cases
qcyi = 2.4, Ip = 0.48 MA). Figure 5 shows that the theoretical relation between
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plasma kinetic energy and total power is an offset linear law; the calculated incremen-
tal confinement time dWp/dP, is close to that measured. It is remarkable that the
code, which is based on first principle physics [8], with only one normalization
parameter (n = 1/2), reproduces so well both the Neo-Alcator scaling law for ohmi-
cally heated plasmas and the confinement degradation when auxiliary heating is
turned on. Equation (6), although it contains the correct scaling trends, could not lead
us to foresee such a good quantitative agreement.

4. EXPECTED RESULTS FROM AN INTEGRATED CODE

The considerations of Section 2 suggest that the confining zone, where DTE
transport prevails, extends up to p = p2 = p, rather than up to p = y/2pu as
assumed in the calculations reported in Section 3. (The full reconnection model is
actually inconsistent with the experimental results [1].) These calculations indicated
that the current profile in the prescribed confining zone is only weakly dependent on
density (and ICRH power level and deposition profile, i.e. 'profile consistency'). If
this property is maintained up to p2 = pu then it will be possible to fulfil the con-
straint (5a) over an appreciable range of plasma parameters. Nevertheless, as the con-
finement properties improve when the mean density is increased (see Eq. (6)), it is
expected that larger temperature and hence current density gradients will ultimately
develop. At constant operating current this implies a narrowing of the current
channel, leading to (i) a slight detachment of the plasma from the wall ('virtual
limiter'), and (ii) an increase of J[ and a decrease of §, (see Eq. (5a)). The latter
effect leads to a lesser tearing MHD explosive situation (see Fig. 1 and Eq. (4b)) but
can be offset by increasing the electrical conductivity of the core, i.e. by increasing
the

sawtooth amplitude as it is observed at higher densities. (The above conjectures are
confirmed by preliminary numerical runs.) It is to be expected that the MHD instabil-
ity and its corollary, the sawteeth, will ultimately be quenched. The current will then
sweep into the core and the plasma will contract violently and disrupt. In TEXTOR
the disappearance of sawteeth is (almost) always followed by a major disruption [9].
The detachment allows the radiation belt to move inwards, but this is a consequence
of the properties of DTE transport.

5. CONCLUSIONS

(a) We have presented a self-consistent explanation of the accelerating tearing
MHD growth of the precursors within a sawtooth period. The growth rate can
rapidly pass from low resistive values, also for q0 well below unity and zero
jS's, to MHD values compatible with the observed collapse time.
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(b) We have shown that a first principle DTE transport code explains quite well the
Neo-Alcator scaling law and the degradation of energy confinement when aux-
Diary power is applied.

(c) We have indicated that the properties of DTE transport are compatible with the
requirements for accelerated tearing MHD instability and sawtooth relaxations
below a certain density. The initial cause of the major disruptions at the density
limit is related to the confinement properties of the DTE mode. These should
ultimately lead to an increase of current density at q = 1 which suppresses the
MHD phase of the precursor and the sawtooth. The current can then sweep into
the core and the plasma contract violently and disrupt.
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Abstract

THEORY OF SAWTOOTH STABILIZATION IN THE PRESENCE OF ENERGETIC IONS.
Energetic particles affect the stability of internal kink modes and can lead to plasma regimes

where both sawtooth and fishbone oscillations are suppressed. This effect was recognized soon after the
JET experiment had achieved sawtooth-free periods which were attributed to the energetic, mostly
trapped, ions produced by intense additional heating. The isotropic fusion reaction products in an
igniting plasma will have a similar effect, leading to an increase of the allowed values of /3p with the
rate of fusion heating.

1. INTRODUCTION

In JET experiments with ICRH and/or NBI heating, sawtooth
oscillations have been suppressed for periods up to several seconds
[1]. In these regimes poloidal betas Pp often in excess of the
ideal mhd threshold Pp for the excitation of internal kink modes
have been attained, while the q parameter at the magnetic axis,
q(o), has been measured to be significantly below unity. In [2],
this improved stability has been attributed to the presence of
energetic ions with magnetically trapped orbits and mean energies
such that their bounce averaged VB + curvature drift frequency uip̂
exceeds the bulk ion diamagnetic frequency ui^. The stability
threshold increases for moderate energetic ion poloidal betas

up to a limiting value as high as three to four times p$p . The
corresponding ratio between the energy content of the energetic and
of the bulk ions within the q = 1 surface is in the range of 1/20
to 1/3. The stability criterion is more favourable for energetic
ion pressure profiles which are well peaked within the q = 1
surface, as is typical of the minority ions accelerated by ion
cyclotron heating on axis.
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These results extend to the isotropic fusion products in an
igniting plasma. Although an efficiency factor of order €^ is lost
(the trapped to circulating particle ratio), where eQ = rQ/R0 with
q(rQ) = 1, p n can now be as large as Pp/2, so that values of P in

excess of P^ can be attained without exciting global mhd
instabilities affecting the igniting part of the plasma column.
For a D-T plasma the large
is given approximately by
For a D-T plasma the largest stable value of fL that can be reached

(mhd\
=0.5 En/lQUcm-*]1" (P >

(9ro/Ro)(ro/50cm)
1-'J (B/10T)

Accordingly, ignition experiments could be designed with smaller
poloidal fields, or alternatively B could be reduced after
ignition conditions are reached. Under certain circumstances,
fishbone oscillations with frequency u ^ ui^ [3] can be excited for
values of P ^ just below the stabilisation threshold. However,
since w ^ << w^. the induced resonant scattering would affect
only the slowed-down ions, leaving the energy balance practically
unaltered. The excitation of fishbone oscillations with u

[4] is found to require values of P ̂  which are too high to be of
interest for the currently proposed ignition scenarios.

Finally, resistive internal kink modes are predicted to be
stable, provided w^/w^ >> ^i' 3! where uî  = v^//3 RQ is the Alfven
frequency and e = ncVCAn r^ u^) is the inverse magnetic Reynolds
number.

2. DISPERSION RELATION

In the high P regimes of interest, neglecting at first
resistivity, m = 1 modes are described by the dispersion relation
[3]

• udi ) ] = ±[XH + *KCu)]ulA {2)

Here,Xjj, which is proportional to the negative of the mhd energy
functional 6W, is the standard driving term arising from the bulk
plasma, A^Cu) is the energetic particle contribution, w ^ =
[-c(dp^/dr)/en B r)]r and r is the mean radius. We adopt the

simplified model AH =°(3TT/2)e»[p* - (p
mhd)'], where Pp =[8n/B£(r0)]

[<p>r - p(rQ)]. The threshold f^d ^ 0.1 -s- 0.3 depends on the

pressure and q profiles and on magnetic shaping. For XĴ (UI) we
have [3]

XK(u) - ̂ -M. /r° drr* J d9 [eM x le'Vtfi + p,,)] (3)
Bpo so ° -" ~ X
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where sQ = rQ q'(rQ), §|| = B/B, K = (ei|«7)e|| and p| and p*|| are the
(normalised) perturbed components of the pressure tensor of the
energetic ions obtained from the Vlasov equation.

3. STABILITY DOMAIN IN ICRH HEATED PLASMAS

The functional Xjr(uj) depends on the spatial and velocity
distribution of the energetic ions. In Fig. la we show Re XK(u)
and Im A^Cw) for ICRH heated minority ions assuming typical JET
parameters. The dependence of the distribution function fm on the
energy e and on the pitch angle A is modelled as a sum of an
isotropic component fmc = nc(m^/ir e c )

3 ' 2 exp(- 2e/ec), describing
the ions in the range of the critical energy eQ, and of a tail
component fmt = 1.6G (p|/et) (mi/2etP'

2 (eo»"/A) (e/et)i"
exp{- [1 + (A - AQ)VA

2T(e/et)}, describing anisotropic ions,
accelerated to energies of order et>> ec- In the limit A << r/RQ,
the perpendicular pressure p| = 3ntet/2, G = (r/ro)

l/rl and fm

reduces to the single pitch angle distribution of Ref. [2]. The
parameter Pph is defined as Pph = - [8n/B^(rQ)] Jo dx x*'

1

d(Gp|)/dx, with x = r/rQ. Re Xg(u) changes sign for ID/U^ = 3,
with UQJJ evaluated at r = rQ for deeply trapped ions with e = et,
showing that the non-resonant response of the energetic ions is
negative, and thus stabilising, for modes with frequency below
their characteristic dynamical frequency. For u << w^, Re \g(u)
consists of a linear term [2] plus a constant Re Xĵ (o) proportional
to a weighted average of q - 1 within the q = 1 volume, and
dependent upon the energetic ion profiles [5]. The isotropic
component contributes appreciably only to Im X^(u) at low
frequencies.

For \yr E 0, Eq. (1) gives a pair of modes, one unstable and
the other stable, which become purely oscillatory for \^ < w^/
2uA, i.e. for B£ < p*mhd» = pmhd' + ^ / o ^ e, ̂  (FLR

stabilisation of the bulk ions; with frequencies approaching
asymptotically zero and w^* The lower frequency mode, which turns
out to be destabilised by the resistivity, is associated with the
branch leading to the crash phase of sawtooth oscillations. The
higher frequency mode is at first destabilised by the energetic
ions. The dashed line in Fig. lb corresponds to the marginal
stability condition when only Re A^Cw) is included in (1) and
separates the domain (above) where almost purely growing internal
modes occur, from the domain (below) where the mode is destabilised
by resonant interaction with the energetic ions represented by Im
Ajr (fishbone oscillations [3]). The dashed line is interrupted at
larger p h where Im AK ^ Re XR. As B . is increased, the high
frequency mode is stabilised by the non-resonant response of the
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anisotropic distribution fm (defined in the text). The dotted line includes the low frequency contribution
to Im \K from the isotropic portion fmc. Parameters: e, = 500 keV, ec = 100 keV, Ao = 1 corres-
ponding to the reflection angle 60 = ±ir/2, A = 0.1, n/nc = 0.8, the pressure scale-length is
rph = 20 cm and, locally, q = 0.7 + 0.3 2
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u ~ o}Dll. In the shaded area, both fishbones and resistive kinks are unstable (TJ = 4.5).

energetic ions until, for p ̂  = 0.6(so/eo)ujjj^/u)^, it reverts to

instability with frequency in the range of Upn. The stable domain

lies below the solid line defined by XH + Re XR = 0 with u real and

solution of Eq. (2). At small p h , the stability threshold can be

expressed as
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+0.3 p [_Q1 -
y ' F so 6o SDh

where a parabolic q profile near the plasma centre has been
assumed. The constant C is related to XK(o) and C = 2.2 for the
parameters of Fig. 1.

Electron resistivity affects the stability of the modes in the
low frequency range, u ̂  wdi- Its effect can be included in (2)
through the simple collisional model used in Ref. [3]. At small

0.25

0

-0.25
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(a)

R e X K /

s*-~—
A/lmxK

0 2 4 8 _ 10
/

FIG. 2(a). Real and imaginary parts of \Kfor a-particles with tjta = 9 x 10 2 and ~ 1.3.

FIG. 2(b). Corresponding stability domain the Pp-Qp,, plane for
e0 = 1/9. &?* = 0.2, wdi/o>A = 5 X 10'3.

= 2.3 xl0'2,s0 = 0.5,
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P k a region appears, shaded in Fig. lb,for the relevant
resistivity parameter Q 5 w^/do^ s£'3 ei'3) equal to 4.5, where
both fishbones and resistive kink modes are unstable. The latter
modes would extend to higher values of p ̂  and destabilise the
domain at small values of Pp. However, for fl > 2, the growth rate
in this region is small and easily suppressed when, in addition to
the energetic ions, the effect of the bulk ion viscosity [6] is
considered. For 0 ̂  2,on the other hand, the full domain below the
solid line becomes resistively unstable. This may represent a
difficulty in the case of JET, as the values of Q we estimate can,
at best, only marginally satisfy the stability criterion against
resistive kinks. It is therefore desirable to extend the analysis
taking full account of kinetic effects in the appropriate
collisionality regime.

A. STABILITY IN AN IGNITED PLASMA

The response X-^ of.vi;he fusion alpha particles in a D-T plasma
is shown in Fig. 2a. We have taken fQ = (3/4TT) (m/2ea)

3'2 (pa/ea)
(e£'2 + e 3 ' 2 ) ' 1 0(ea - e), where ea = 3.5Mev, 0(ea - e) gives the
energy cut-off; p p a = - [8IT'/B2 (rQ)] J"J dx x3'2 dpa/dx and uiDa is
evaluated for deeply trapped alphas, at the mean energy ea/8n[l
+ (ea/ec)

3'2] . Re XJJ is stabilising for ui/ajj-)c(; £ 2 and is dominated
at small w by a constant negative term. This amounts to an
effective reduction of X^> independent of u for u << Ujja, which
makes the stability threshold largely independent on w ^ in
contrast to the anisotropic case. The stability domain is shown in
Fig. 2b. The loss of the efficiency factor e£'2 is apparent by
comparing the horizontal scales of Figs, lb and 2b. The values of
p_a in the shaded area are unrealistically large. The ratio
P / p depends on the central temperature (multiplied by a profile
factor) and, typically, Ppa/pp i 0.5 for T £ 25keV. The stable
range of p_increases with p „ up to the value

max = (P?^ + °'2 -
V eo
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Abstract

TEMPERATURE GRADIENT MODES, STREAMERS AND ANOMALOUS TRANSPORT.
The linear and nonlinear evolution of ric and r\i modes in weak shear has been studied and

implications for heat transport have been examined. Both instabilities evolve to quasi-one-dimensional
states in which narrow streams flow across the magnetic field from cold to hot regions of the plasma.

1. INTRODUCTION

The 77B and 77,- modes axe negative compressibility instabilities driven
by electron and ion temperature gradients, respectively, in inhomogeneous
plasma. A numerical and analytic investigation of the nonlinear saturation
and transport associated with these instabilities has been completed in
configurations with weak magnetic shear. It is shown that both instabilities
evolve to quasi-one-dimensional states in which narrow streams flow over
large distances from hot to cold regions of plasma. The resulting thermal
transport greatly exceeds that which would be expected on the basis of
simple mixing length arguments. For the 77,- mode the cross field transport
is given by the Bohm rate.

The thermal equilibria of detached plasmas have been investigated us-
ing the Tfe modes transport coefficient for electrons. The present theory
explains the scaling of plasma radius, central electron temperature, impu-
rity radiation, electron energy confinement time with plasma current and
central density as observed on TFTR.

The linear stability of the long wavelength ion temperature gradient
modes is examined since simulations indicate preferential formation of long
wavelength streamers. At long wavelengths and low frequency, collisional
effects such as viscosity and thermal conduction are important. It is demon-
strated that cross-field thermal transport can stabilize long wavelength r}{

modes.

Research supported by the US Department of Energy.
1 Southwestern Institute of Physics, Leshan, Sichuan, China.
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2. NONLINEAR ^ MODES

The rje instability is a short wavelength mode with kxPi > 1, driven
unstable by the electron temperature gradient. Here fcj. is the transverse
mode number and pi the ion gyroradius. It has been proposed as a mech-
anism for anomalous electron thermal transport in collisionless plasmas '
There is also a collisional version of this instability. 2

In the present work, a simple set of nonlinear equations are derived
from the Braginskii fluid equations 3 for the nonlinear collisional Tje modes
and are solved numerically. In dimensionless form they are the continuity,
electron temperature, and flux diffusion equations,

dn/dt - 0V5_n = -/3V2
LT/4 - b • VV*> (1)

(3/2)dT/dt - 1.6(b • V)2T - 1.350Vjr
= -(/?/2)Vln - 1.71b • V V ^ (2)

^ 1.71b • VT - b • V<£ (3)

with d/dt = d/dt + vj. • V, b • V == d/dz + V̂ > x z • V. The dimensionless
perpendicular and parallel scale lengths are given by L± = A-/Kn and
L\\ = (i?||eI>r)

1/2/u,n and the timescale r = DT/V?n with Dr the classical
flux diffusion rate and V* the diamagnetic velocity. In Eqs. (l)-(3) the
terms proportional to /? result from cross-field, classical transport. In a
plasma with an initially uniform density and temperature gradient, T =
T + rfgX, n = n + x, and <j> = —n. In the dimensionless equations the
characteristic transport rate is Dx. ~ Drf{rje,l3). In the simulations we will
ascertain the dependence of D±_ on T\& and /?. Equations (l)-(3) have been
reduced to 2-D by assuming that n, T, <p and 0 are functions of x and y+az
with a constant. The equations are then integrated from a random initial
spectrum using a pseudospectral code. 4

In Fig. (la) we plot the anomalous heat transport coefficient D± versus
time for a 128 x 128 run with r]e = 3.5, /? = .001 and a = .35. The transport
first saturates at around t = 28 and then rises to a much higher level at late
time. This first saturation gives a transport level consistent with mixing
length estimates. In Fig. (lb) we show plots of | <f>k \ and contours of <f>(x, y)
(Fig. lc) at late time. Now the transport is approximately ten times larger
than the mixing length or first saturation value. The spectrum has become
asymmetric around ky = 0 and peaked around m = (2, —3). The potential
contours corresponding to this spectrum are extremely elongated enabling
the high temperature plasma to stream down the gradient and the low
temperature plasma to stream up. The formation of streamers greatly
enhanced transport because of the larger stepsize allowed. In a simple
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FIG. 1. (a) Anomalous transport DLIDr versus time; (b) plot of \<i>\ in k-space [m = {0.4kx,
(c) corresponding contours of $(x,y) in configuration space at late times.

2.0ky)];

calculation5 we have been able to demonstrate that the streamer state is
favored over a state with simple closed vortices. By varying 0 and r)t we
have also found that close to marginal stability (r/e ~ rjec) the transport
scaling can be modelled by the following power law.

D± = aDrf3<(T,e - rjec)
s (4)

The values e = 0, 6 = 2.5 and a ~ .02 fit the data well. For r}e » Tjec, D±

is independent of rje.
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3. NONLINEAR ^ INSTABILITY IN A HEATED SLAB

There has been increasing experimental evidence in recent years that the
rji mode is responsible for the observed degradation of energy confinement
in tokamak plasmas at high density. 6~8 The linear theory of these modes
is now fairly well understood. The nonlinear saturation and associated
particle transport is still being studied. A limited number of 3-D fluid
simulations 9 of the instability have now been completed and scaling laws for
the energy diffusion rate D± have been proposed.10 The expressions for D±
have the curious feature that they monotonically decrease with increasing
magnetic shear length Lj(Di_ —» 0 as L, —» oo). For an instability which is
very robust in the limit L, —* oo, this result is implausible. u Indeed, on
physical grounds, we expect magnetic shear to reduce transport by the r;,-
mode so that Z>x should reach a maximum as L, —> oo.

To study this sheaxless limit of the 77,- mode we consider a simple plasma
slab with straight magnetic field lines (B = Boz). The nonlinear equations
for the ion density, temperature and parallel velocity are

dn/dt - -D||Vjjn + V||U|| = 0 (5)

J5r (6)

rz + <A)=O (7)

where VN = d/dz, d/dt = d/dt - Vj> x z • V x with <j> the potential. The
electron response is simply taken to be adiabatic n = n — no(x) = <j> where
no(x) is the initial density. These equations are written in dimensionless
form: n/n0 -* n, T/To -» T, v\\/v; -*• U||, etf>/T -* <f>, Vipitja2 -> t, a V x -»
^x> i.0?!PiY^W ~* ^ | | where a is the system size perpendicular to B, and
Vi and pi are the ion thermal velocity and Larmor radius, respectively. In
these normalized variables the characteristic transport rate is D± ~ p.Vj,
the Bohn diffusion rate.

Equations (5)-(7) are reduced to 2-D by assuming d/dz = ad/dy and
integrated in time with n = T = l a t z = 0,1 and periodicity imposed in
y. No cross field transport of the density results from Eq. (5) so the field
line averaged density profile remains unchanged from its initial condition
(parabolic with a maximum at x = 1/2). The heating function H (simply
a constant) causes the temperature to rise until the nonlinear convection
terms become important. In Fig. 2a we plot the energy confinement time
TE(= Tmax/H) versus H for three values of the central density. Higher values
of central density yield longer confinement times for nearly all values of H.
At low values of H, rg oc H~l so that Tmax is independent of H. Over this
range of H the temperature profiles are very nearly at marginal stability
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FIG. 2. (a) Energy confinement time TE versus heating rate Hfor no(l/2) = 1 (o), 4( A ) , 6(a) with
K, = ii, = D, = 0.1. Temperature contours, T(x,y), for (b) H = 0.5 and (c) H = 32.

(rji = jj^j- as 2 for the upper two curves in Fig. 2a): even only slightly
above marginal stability the transport is sufficient to balance the heating
rate. In the high H region the temperature profile is well above threshold
for instability and a simple scaling of Eqs. (5)-(7) yields Tmax ~ if3/4 with
T% ~ if"1/4. Typical temperature contours (x-y plane) in the low (H = .5)
and high (H = 32) heating regime are shown in Figs. 2b and 2c, respectively.
In the low H regime the transport is dominated by the lowest order mode
(ky = 2TT) and can be calculated from quasilinear theory. In the high H
regime narrow streams of plasma flow all the way from the cold edge to
the hot center. The streamers first appear in the steep gradient region near
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the boundaries (x = 0,1) at low H (see Fig. 2b) and progressively become
stronger and extend further into the plasma center as H increases.

The impact of magnetic shear on the streamers has not been calculated
in detail. However, the region of validity of the shearless limit can be easily
estimated. The mode is locally unstable for | &|| | Vi = ky \ x \ VijL, <
UJ.T ~ kyPiVi/Lr or | a: |< L,pi/Lr. Shear will certainly not be important
if LT <\ x | or L\ < PiL,. The present weak shear results do not apply
directly to the normal confinement region of most tokamaks. However,
the inequality is satisfied in the sawtoothing region and edge regions of
tokamaks, weak-shear stellarators (Wendelstein VII A), tandem mirrors
and FRC's. In such plasmas efficient heating requires that the density and
temperature profiles be carefully controlled to stay below threshold for the
r)i mode. Above threshold the transport will approach the Bohm rate.

4. DETACHED PLASMAS

In tokamaks it is possible to form a plasma discharge where all the input
power is radiated away by low Z impurities in a thin layer at the plasma
periphery. Such plasma configurations are referred to as detached plasmas
since they are thermally disconnected from the material limiter.

In our present study we have utilized the transport model for rje modes
to determine the thermal equilibria of such plasma states. As suggested by
Yoshikawa and Chance, u the central region consists of an ohmically heated
region where the dominant loss is thermal conduction. The heat flux from
this central core then balances the radiating power from the outer region.
Thus solving the heat balance equation in the central region 0 < r < ao
where ap is to be determined and in the outer radiating region gives us the
following two relationships 13 involving three unknowns, T(0), the central
electron temperature, ao.the size of the hot radiating core and nj. the
impurity density.

R2/3 2/3 1/2 2/3

T(0) = 0.316T"2(0) + 0-8 T ^ J 3 (1 - I/to) (8)

Here T(0) is the central electron temperature in keV, Bj the toroidal field
in Tesla, ao the size of the hot corein. meters, Ft the major radius in meters,
I the plasma current in MA, n(0) and rij the plasma central density and
the impurity density in 1014/cm3,L the radiation function in 10~32Wm3.
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FIG. 3. (a) Central electron temperature, (Jo) plasma radius aD, (c) electron energy confinement time
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(d) Growth rate y/wtn versus collisionality parameter v for rjf = 1,2,3,4, 7 = 1.
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It was assumed that n(r) = n(0)e~ar '"D and 7 and qo are defined as
7 = 1.962Te//[0.24 + 0.46/(1.08 + Zeff)] and 2D = 5BTa2

D/RI. Fixing the
impurity density n/ so that the calculated emissivity 5 = n(0)niL(T)e~a

matches the experimentally observed emissivity allows us to solve for T(0)
and an using Eqs. (8) and (9). Fig. 3a and 3b is a plot of the central
electron temperature and plasma radius on a function of central plasma
density. The crosses correspond to experimental results for TFTR 15 for
/ = .8MA and the dots are the experimental points for / = .QMA. The
dashed line and solid line are the theoretical results for I = .8MA and
.QMA, respectively. Fig. 3c is a plot of the electron energy confinement time
vs n(0) for the same set of parameters. What is interesting to observe is that
for conventional limiter discharges the r?e model gives T£c ot n(0). However,
for the detached plasma case the density dependence of the plasma radius
dp cancels the usual n(0) dependence to make the density dependence of
the electron energy confinement significantly different from the usual limiter
case. Furthermore for the detached plasma the electron energy scales as
I1/2 unlike the limiter plasma where T£e oc I~l.

Finally, following the suggestion by various authors 12*15 that the density
limit for plasmas is reached when qp approaches two, we have computed
the value of the central density as a function of / , BT and R and find that
when n/ is independent of n(0), the critical density nec oc (BT/R)2 whereas
for ni — / /"(0) where / / is a fraction, nec oc BT/R- For both these cases
nec is independent of the plasma current.

5. LINEAR STABILITY OF LONG WAVELENGTH 77,- MODES

The local nonlinear studies undertaken in the earlier sections seem to
indicate that long wavelength streamer-like structures dominate the trans-
port. Thus, it is relevant to ask how the introduction of nonlocal effects
(like shear and curvature) affect even the linear stability of these modes.
Thus in this section we will examine the stability of long wavelength (and
hence low frequency) 77; modes in a toroidal geometry.

We start with the linearized electrostatic drift kinetic equation in the
ballooning representation. Furthermore, we use the ordering that the w ~
V\\b-V3iow -C vcfj ~ U||b-VyMt ~ v\\/Rq (where w is the mode frequency, b is
the unit vector in the direction of B, uefj is the effective collision frequency
for ion, ion collisions, U|| the particle velocity parallel to the magnetic field,
R the major radius, and q the safety factor). Taking the moment of the
perturbed distribution gives us the following neoclassical fluid equations

wn + —•—v0 = (w - u.)<f> (10)
iiqoy
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•rrj p\

r - (n + f) + ifc*_ZVSo = 0 (12)
ay

for the reduced density h, temperature T and parallel momentum vo, re-
spectively. The reduced density is obtained by integrating the nonadia-
batic part of the perturbed distribution function. These together with the
quasineutrality condition

completes the set. Here DT is the sum of the classical and neoclassical ther-
mal diffusivity, IV is the total viscous diffusivity, k± ~ nydq/dr, r = Ti/Te,
u>« = ^Tjf- (~fc) and n is the toroidal mode number. These equations then
lead to the dimensionless mode structure equation

- 0

where u> = w/c«;«, 0 = (2?7>/w,1c>?)(i2e^/g2), s = rdq/qdr, and a = DV/DT ~
1.

In Fig. 3d we display the growth rate of these modes vs v for different
values of 77,. Thus as if increases there is a dramatic cut-off. From the
definition of v this can be viewed as a long wavelength cut-off. Now fitting
a formula to the dependence of the critical u on 17; — 7/tc shows that

2.5ue = .04(17,- - 2/3)

Alternately, the thermal diffusivity required to stabilize the mode is there-
fore given by

DT = M-^u.pJ(rji - 2/3)", where «„ = Ln/R (14)

This formula is valid only in the strong shear limit for which the lowest
eigenmode is dominantly unstable.
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Abstract

ADVANCES IN THE THEORY OF ION-TEMPERATURE-GRADIENT-DRIVEN TURBULENCE.
The theory of ion-temperature-gradient-driven instabilities and turbulence has been extended to

investigate the influence of higher radial eigenmodes, sheared toroidal rotation, flat density profiles, and
low ion collisionality regimes. Predictions of the theory, which includes both analysis and numerical
simulation, for present and future generation tokamaks are discussed.

1. INTRODUCTION

In plasmas where significant ion heating occurs, e.g., in OH saturation,
NBI and ICRH heating regimes, or high-density ECH-heated plasmas, ion-
temperature-gradient-driven turbulence (ITGDT) has been identified as a
virulent anomalous transport mechanism. Significantly, several aspects of
the theory of ITGDT have been confirmed by perturbative experiments
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such as pellet injection, edge and center heating, and by fluctuation stud-
ies. Further work on ^-modes is therefore clearly warranted. Here, we
report on recent advances in the fundamental theory of ITGDT and com-
ment on its relevance to present and future generation fusion experiments.

2. THEORY OF ION-PRESSURE-GRADIENT-DRIVEN
DRIFT INSTABILITIES AND TURBULENCE

As originally formulated in slab geometry [lj, the sonic or slab-like rji-
mode evolves when unstable ion acoustic waves couple to radial ion pres-
sure gradients, yielding negative compressibility instabilities. The first
systematic nonlinear theory of these modes [2], which was focused on the
lowest radial eigenstate, predicted an expression for the thermal diffusivity
which scaled as \i <* [(1 +Vi)/T]2^tePlLn/Ls. Recent work [3] has concen-
trated on exploring the role of higher radial eigenstates in sonic ITGDT
using mixing-length heuristics, renormalized turbulence theory, 3D fluid
computations, particle simulations in 2D and 3D. and a particle electron-
fluid ion hybrid computer model. Results indicate that the mode width,
growth rate, and ion thermal diffusivity \i a r e significantly enhanced be-
yond estimates based on the lowest eigenstate alone. This situation differs
from that encountered with conventional drift waves where higher radial
eigenmodes are less strongly driven, and turbulent diffusivities actually
decrease with increasing mode number. For the sonic. ?7,-mode, the in-
crease of growth rate with increasing radial eigenmode number can be
attributed to the fact the most unstable mode is the ore which adjusts
its radial eigenstate in such a way as to maintain its sonic character.
The growth rate is approximately given by 7 ~ fc||C,[(l -f ^ / T ] 1 / 2 , where
k\\ ~' kyAx/Ls. Thus, larger mode widths correspond to larger parallel
wavenumbers and hence, stronger growth. In conventional drift waves,
by contrast, sound waves mediate the coupling to the dissipation (ion
Landau damping) so that broader radial modes experience stronger dis-
sipation. The new expressions for the growth rate, correlation length,
fluctuation amplitudes, and transport coefficients are summarized in Ta-
ble 1. Note that the new expression for the ion thermal diffusivity now
exhibits a favorable local poloidal magnetic field dependence, similar in its
scaling to the curvature-driven, toroidal IPGD-mode [4,5]. It is of interest
to compare the expressions for the fluctuations and transport coefficients
evolving from these two branches with each other. Insofar as the density
fluctuations are concerned, the slab branch exhibits a stronger dependence
on T]{ than the toroidal branch. Insofar as the thermal diffusivities are con-
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cerned, both branches exhibit identical scalings with the safety factor and
shear. In order of magnitude,

_ (1 )
Xi L n T

That the aspect ratio enters as a distinguishing feature is intuitively obvi-
ous, since that is the basis for the separation between the two branches.
Roughly speaking, all we can say is that the slab-like branch probably
dominates for large aspect ratio tokamaks. For moderate aspect ratios,
however, there is no sound basis for distinguishing between the two ex-
perimentally, especially since equilibrium profiles can be expected to be
pinned near their marginal values. The important point is that regardless
of the aspect ratio. ITGDT is robust in the sense that one branch or the
other of these modes will survive.

A commonly observed feature of tokamak experiments is that the ther-
mal (TJE,) and momentum (r^) confinement times tend to behave alike,
with similar scalings. Moreover, recent results from TFTR indicate that
the magnitude and profile of Xi and %* ( t n e momentum diffusivity) are
virtually identical. Attempts to explain momentum loss rates on the ba-
sis of classical or neoclassical mechanisms 16! have proven deficient, as
the predicted transport processes are far too slow to agree with the ob-
served dissipation rates. Since the sonic T^-mode is essentially a parallel
ion acoustic wave with fluctuations in both the ion pressure (heat) and ion
parallel velocity (momentum), it emerges as a plausible candidate to ex-
plain the causal connection between the transport of these two quantities
[7]. Assuming that the incoming beam of neutrals is rapidly thermal-
ized so that a one-fluid description of the ions suffices, and furthermore
that the rotation rate is subsonic in order to avoid shock wave generation,
an expression for the turbulent momentum diffusivity, calculated from
X<t> = -i&VfiSvr) (dvo^/dr)'1, is derived:

+7?; ,Ln dvaj, 2-i2 2 LnLn dvaj, 2-i2 2 Ln

^ -£r) \ *>~P. Ts (2)

The enhancement factor of \(Ln/2c3) dv^jdr]2 represents the role of the
shear flow as an additional free energy source. In addition to the relation
of Xi to x*> a number of experimental observations may be explained on
the basis of this model. In particular, recent comparisons of beam center
and edge (which reduces 77;) heating on TFTR [8]have found that both \i
and Xtf> a r e reduced by a factor of two. Moreover, the observed substantial
decrease in x<t> following beam turnoff on TFTR, PDX, and ISX-B may
be explained as a consequence of T{{r) and v^r) flattening. Finally, the
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decrease of Xi in the T F T R "supershot" accompanying balanced injection
may possibly be connected with concomitantly observed peaked density
profiles, as well as the VQ^ —> 0 turnoff of the enhancement factor in Eq. (2).
However, care is required in interpreting supershot results, since the large
density of high energy particles in this regime makes the applicability of
the one-fluid ion model questionable.

To date, virtually all theoretical studies of ITGDT have focused on
the regime of fully developed turbulence, where r\i S> 77;.cr. A study of
the regime of weak turbulence (7 < uir), where 77,- <n 7ft c r, has therefore
been undertaken [9]. In this regime, the most unstable modes are those
for which k±p± ~ 1. It is important to note that the strongly dispersive
character of the modes inhibits three-wave resonance, thus validating a
weak turbulence analysis. A wave kinetic equation has been derived us-
ing a perturbative closure of the nonlinear ion gyrokinetic equation. Re-
sults indicate that saturation results from ion Compton scattering to long-
wavelength, damped modes with k^pi <C 1. The dominance of Compton
scattering is a further consequence of the inhibition of three-wave coupling
by dispersion. Further results suggest that for 7?; values consistent with a
weak turbulence regime (i.e., 7 < u;r), predicted levels of fluctuations and
transport are exceedingly low: xY Ixf ~ {Ln/Ls)

2. It is thus concluded
that strong ITGDT models should be applied for 77; > 77^. (where T/^CT is
the critical value of 77, predicted from weak turbulence theory), while for
Vi,cr < Vi < V?cr, ITGDT may be ignored.

3. THEORY OF TRAPPED-ION-TEMPERATURE-GRADIENT-
DRIVEN TURBULENCE

The theory of curvature-driven ITGD-modes has been extended to
regimes of low plasma collisionality (i.e., v,{ < 1). In such plasmas, a fam-
ily of long-wavelength, low-frequency (u; <C w^) trapped-ion-temperature-
gradient-driven (TITGD) modes become of relevance. These trapped-
ion modes ilOj are not susceptible to shear damping, and hence con-
stitute the long-wavelength branch of the toroidal ion-pressure-gradient-
driven family of instabilities. TITGDT is therefore a particularly potent
transport mechanism, since it supports a large "convective cell" of width
Ax = (kes)~l. wrhere s = rq'/q is the shear parameter. Hence, trans-
port coefficients for TITGDT can substantially exceed in magnitude their
hvdrodynamic antecedents.
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Detailed work on TITGDT has focused on three regimes:

i) Fluidlike regime (u> > £><£ > Vi,eff) [5-: In this regime, an instability
similar to the hydrodynamic ITGD-mode exists, but with Aa; ~ (kgs)~l.
Useful quantities predicted by the theory are reproduced in Table 1.

ii) Resonant regime (ui ~ uiji > Vi,eff) [H]: In this regime, the re-
sult of two-point renormalized turbulence theory indicates the presence of
a novel, robust, nonlinear (i.e., amplitude-dependent) instability with a
threshold value of rji given roughly by 2/3. Any departure from this non-
linear marginal state is expected to lead to large levels of anomalous heat
and particle transport which, by modifying the equilibrium temperature
and density profiles, respectively, acts as a negative feedback mechanism
and returns rfr to its threshold value. Magnitude-wise,

xV - Mr)2 (-2- - i) X?TE (3)
Vi.cr

so that the thermal transport due to these trapped-ion modes can sig-
nificantly exceed corresponding ones for the dissipative trapped-electron
mode when rji > r)icr. Moreover, dissipative trapped-electron modes are
excited only over a limited spectrum centered about kpi ~ 1. For longer
or shorter wavelengths, shear damping and finite Larmor radius (FLR)
effects, respectively, cut off the spectrum. The present modes, on the
other hand, are more robust in that they extend to very long wavelengths
(e1/2 3> kp^, so that a much broader spectrum of modes can be excited.
In summary, very large heating would be required to push rji above rjiiCr,
so that we may expect rji to remain very close to its threshold value. This
mode, which is of relevance to CIT-grade plasmas, strongly underscores
the importance of pellet injection in future generation fusion devices.

Hi) Dissipative regime (u> ~ i^>e// > &di) [5j: In previous work [10]
with the influence of temperature gradients ignored (i.e., rji — 0), it was
noted that this so-called dissipative trapped-ion mode, which propagates
in the electron direction, is destabilized by electron collisions, while ion
collisions have a stabilizing influence. Here, it is noted that for rji above a
threshold given by 7jicr = 4/3, ion collisions can also have a destabilizing
influence. A new trapped-ion mode with growth rate 7 oc v\'ejj and Xi ~
(e5/4/s2i>i) plc%/LriR is predicted in this frequency regime.

It is interesting to note that for all these trapped-ion modes, since
XT oc i~2, a saturation of the heretofore experimentally observed favor-
able current scaling of TE may be anticipated for low ion collisionality
discharges. Finally, we note that the fluidlike and resonant modes have
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direct analogues driven by energetic trapped ions and alpha particles.
Such instabilities can potentially be expected to sharply limit the quality
of Q-particle confinement and r\a in ignited plasmas.

4. FLAT DENSITY REGIME

H-mo&e discharges present a challenge to ITGD-mode theories in that
improved confinement occurs in plasmas with seemingly flat density pro-
files (i.e., Ln —> oo). Although electron transport is diminished in the
limit as i n -^ oo, the parameter 77; tends to infinity, which could naively
be taken to imply that ion thermal transport processes intensify. It has
been pointed out [12,13], however, that in the limit of very weak gradients,
the stability of these modes depends on L-njR rather than T̂  = Ln/Lxi-
Indeed for this reason among others, the terminology "T^-mode1' is really a
misnomer. In order to theoretically check whether an improvement in the
ion channel, if any, can explain the improved confinement characteristics
observed in //-mode discharges, a careful investigation of the stability of
the ITGD-mode in the flat density limit has been undertaken.

A simple local fluid model has been developed which demonstrates
that perpendicular compressional effects can have a strongly stabilizing
influence in toroidal geometry [12]. In this two-fluid model, the electron
response is assumed adiabatic and ion parallel motion is neglected for sim-
plicity. A linearization of the ion continuity equation together with the
ion pressure evolution equation predicts the following modest threshold for
stability: LTi/R > 2r / ( r + 5/3)2 (~ 0.28 for r = 1). A numerical solution
of the more complicated dispersion relation obtained from the eigenmode
equation yields an even lower threshold (Lri/ R)cr — 0.1. The origin of this
stabilizing trend is the fluid compressibility. However, as was recognized
in the work just described, fluid theory may not be optimal for uncovering
any stabilizing trends due to compressibility, and threshold criteria so ob-
tained can only be regarded as suggestive. In fact, even in the fluid limit,
it can be shown that the inclusion of higher orders of the YB drift (i.e.,
higher order in the UJJ/OJ expansion) acts to raise this stability threshold
[5,14j. The flat density limit has therefore been reexamined from the per-
spective of kinetic theory, retaining ion drift resonances and leading-order
contributions from finite Larmor radius and parallel sound terms [5,15].
Based on a Nyquist diagrammatic analysis and numerical solution of the
threshold condition, it is found that two requirements must be simultane-
ously satisfied in order to have stability with respect to ITGD-modes: i)
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either ?7{ > 2/3 or 77; < 01, andii) Lxi/R > 0.35. Inclusion of sound and
FLR terms can suppress this threshold by up to an additional factor of
two. In spite of this further reduction in the stability threshold, results of
transport simulations [16] indicate that the dominant source of improve-
ment in //-mode confinement comes from the plasma edge. Thus, while
indeed exerting a stabilizing influence on the ITGD-mode, we conclude
that perpendicular compressibility does not lead to a full quenching of
the instability, and any consequent improvement in the ion channel in the
confinement zone will still have to be leveraged by an improvement in the
edge region of the plasma.

5. NUMERICAL SIMULATIONS

A principal shortcoming of analytic theories of ITGDT is their rather
weak scaling prediction of the transport coefficients with plasma current.
To address whether possible edge-q dependences have been overlooked
by analytic theories, a global three-dimensional code was developed to
simulate electrostatic ITGDT [17]. With the electrons assumed to be adi-
abatic, collisionality does not enter, and the ITGD transport will have a
constrained scaling under the usual assumptions of homogeneous turbu-
lence. In particular, the diffusivity scales as

To provide intrinsic unfavorable scaling with edge q sufficient to change
the confinement time scaling from favorable B to favorable q scaling, F
must be proportional to q(a)2 on volume average, thus yielding the scaling
TE oc I°-8B00...

In the simulations, the electrons were therefore taken to have an adi-
abatic, Boltzmann response, while the ions were treated by a fluid model
consisting of the ion continuity, ion parallel momentum, and E x B adia-
batic pressure convection equations. The curvature and shear are properly
represented on an (m,n,r) basis suitable for tokamak geometry. Paral-
lel viscosity is used to represent ion Landau damping. High q(a) — 6
and low q[a) = 3 cases were simulated with fixed temperature and den-
sity profiles using over 400 (m,n) modes on 128 radial grids. The linear
normal mode shows a strong ballooning character as expected. The sim-
ulations, however, do not find any strong q(a) dependence in the linear

1 While all rn < 0 are found to be unstable, the growth rates can in fact be shown
to be exponentially small for — 1 < iji < 0.
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FIG. 1. Heat diffusion coefficient versus radius.

growth rate spectra, the nonlinearly-saturated pressure fluctuations, and
most importantly, the heat diffusion coefficient, as illustrated in Fig. 1.
We are left again to conclude that the edge transport mechanisms must
provide additional q(a) dependence.

6. A PHENOMENOLOGICAL MARGINAL STABILITY
TRANSPORT THEORY

In speculating on the physical origin of the current scaling, we are led
to propose that ITGDT may constitute a marginal stability link between
the hot core and the cooler edge plasma region. More specifically, given
the large levels of transport predicted to evolve from ITGDT, profiles in
the bulk of the discharge can be expected to remain marginal with respect
to 7/j-modes, so that transport processes at the edge such as resistive fluid
turbulence, dynamically couple to the center of the plasma and thereby
determine the transport scalings.

The essence of the argument is captured in the following simple phe-
nomenological model. Assuming a density profile of the form n(r) =
noh(r/a). where n is some specified profile shape and n0 a constant, the
temperature profile, T(r) = T0T(r/a), will be fully specified up to a mul-
tiplicative constant To by the constraint of marginality with respect to
77;-modes, i.e., Lji = Ln/rj^cr. The parameter To is then determined by
balancing the heat flux to the edge with the power deposited within the
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center of the plasma. The steady state heat balance equation, for Te — 7 ,̂
is given by - V • [n(r)xe(r)VTe]ed9e - P(r), where P(r) is the power de-
position profile per unit volume. Integrating this equation and matching
across a specified surface, r = rm, which separates the bulk from the
edge, an expression relating the temperature and density at rm is arrived
at. The matching surface can be specified, for example, by the condition
Xi = Xe, although this criterion is not unique. Having .obtained T(rm),
To is .then readily procured from the marginality constraint. Substituting
the expression for To back into the expression for the energy confinement
time

fd3rn(r)T(r) n0T0 w
TE= p = -p-F(Ln,r]iiCr,...) (5)

the global parameter scaling of TE is completely determined. It is in-
teresting to note that the final result depends in a non-trivial way on
edge particle dynamics, which enters through the density profile appear-
ing in the steady state heat balance equation. This simple model then
illustrates the important manner in which edge dynamics manipulates the
global confinement scaling, and as a further incentive, provides a dynam-
ical underpinning for the principle of profile consistency [18] . General-
ization of this model to multiple zones (e.g., marginal confinement zone,
non-marginal confinement zone, and edge), inclusion of a model for edge
particle dynamics, etc., are straightforward.
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Abstract

EFFECTS OF SAWTOOTH OSCILLATIONS ON PROFILE CONSISTENCY AND BETA LIMIT
DISRUPTIONS.

The m = 1, n = 1 MHD activity in tokamaks has a fundamental effect on profiles and energy
confinement and plays an important role in the stability of higher n modes. The paper reports on
dissipative MHD computational studies which involve sawtooth behavior. High beta studies are
described in which sawteeth produce a form of profile consistency which influences beta limit
disruptions.

Although high {3 operation is an important goal of tokamak research, nearly
all MHD computations to date have concentrated on equilibrium and linear
stability. Little is known about time dependent finite 0 evolution, in particular
whether there are preferred relaxed states balancing losses produced by unstable
modes with heating. We report results from nonlinear and quasilinear numerical
MHD simulations of high f3 large aspect ratio tokamaks. Dissipation in the
form of resistivity, thermal conductivity, and viscosity is included. A pressure
source is added to balance energy loss caused by unstable modes and thermal
conduction.

At high /3, long wavelength modes cause pressure transport and a form of
profile consistency [1]. The pressure profile broadens to a trapezoidal [2] shape.
The relaxed state is time dependent and accompanied by sawtooth oscillations
of the pressure at the magnetic axis. The inversion radius after a sawtooth
crash is proportional to the rotational transform at the plasma edge, l/qa [3].
The relaxed pressure profile is insensitive to the shape of the pressure source
profile. When the plasma becomes ideally unstable, the pressure profile rapidly
broadens, and the peak pressure drops.

Computations were performed using high /3 , large aspect ratio reduced
MHD equations including both parallel and perpendicular compression in the
pressure evolution equation [4]. The equations are similar to the CRMHD
model [5], and conserve energy in the absence of sources and dissipation. The
equations are solved with the HEB code [6]. The main effects of compression are
to equalize the pressure along the magnetic field and to provide stabilization

273
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of fast growing resistive ballooning modes. Slowly growing long wavelength
resistive modes are still present. We truncate to a small number of toroidal
modes. It is hoped that we will still see real physical effects since finite Larmor
radius effects suppress or slow down the high number modes.

Our study includes both quasilinear and nonlinear evolution. In the quasi-
linear case we exclude the mode-mode interactions, i.e. , toroidal modes n > 1
do not interact among themselves. The background evolution is found to be
relatively insensitive to the inclusion of nonlinear couplings. Both nonlinear
and quasilinear computations allow the equilibrium to change and find a steady
state by balancing the heating with enhanced loss.

The dimensionless equations of motion are:

± = B.VU + Tf7\A + Eo (1)

B • VV\A + 2VR xVp-z + t&\U (2)

^ = - v j . • Vp - eP(2VR xVU-z + B- Vw,,) + KV2
±P + Sp (3)

J l = _ VJ. • V»|| - B • Vp + /iVi v|| (4)

where e = (5/3)a/R, vj. = VU X z, andB = VA X z + z. We use the usual
Ohm's Law with Spitzer resistivity, assuming Te is proportional to p, rj =
VaiTca/T,.)3/2, with Tea, T)a, and Eo = const. The heat source term is :

SP = 7o(l - (r/a)2)""

where 70 is a constant, and the exponent rip varied from 2 to 8 in various
runs. The thermal conduction had the form K = KO(??/J?<»)1^3 + ^(^ /a) 3 0 with
Ka,Kr — const. The second term gives edge cooling. The details of the heating
and transport model made little qualitative difference in the results.

We start from a perturbed equilibrium and heat the plasma. Unstable
modes saturate quasilinearly. We reach a steady state where the average pres-
sure < p > is approximately constant. These steady states are associated with
sawteeth. A typical pressure profile is flattened on axis by the n = 1, pre-
dominantly TO = 1 mode, with an inversion radius rt- = l/qa. Other low mode
number modes cause profile flattening near their rational surfaces. Nonlinear
runs are similar, but much more time consuming. A typical pressure profile
after a sawtooth is shown in Fig. 1.

The modes relax the pressure profile rapidly, while enhancing the energy
loss rate by an amount which is /3— dependent, and which is typically an order
of magnitude larger than without the modes. The anomalous loss rate increases
rapidly as the critical /3 for ideal instability is approached.

Table I shows cases with «p = 8, e = 0.4, and Kr = 0.1. The reciprocal of
the inversion radius 1/Vj and the peakedness parameter p(0)/ < p > increase
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FIG. 1. Pressure profile after a sawtooth for a quasilinear run with qa = 3. The width of the flat top
is about one-third of the width of the plasma.

TABLE I. qa DEPENDENCE OF rL AND p(O)/<p>

qa

r,
P(O)/<p>

2.2

0.50
1.98

3.2

0.35
3.29

4.2

0.24
4.35

approximately linearly with qa. This is consistent with the formation of an
Ohmic steady state with q = 1 on axis [7].

These runs had /3/e - 2 < p > /(eB2) = 0.1, which is near the ideal MHD
limit for these profiles. When the heating rate 70 is increased, a disruption
occurs. In cases with qa > 2, after a sawtooth, an m = 2, n = 1 mode grows
rapidly and flattens the pressure profile within the q = 2 rational surface. In
other cases, the m = 3, n = 2 mode may dominate. A large heat pulse to the
wall causes /3 to drop rapidly.
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Abstract

RESISTIVE FLUID TURBULENCE AND TOKAMAK EDGE PLASMA DYNAMICS.
Electrostatic and electromagnetic turbulence has been linked to particle and heat transport in

tokamaks. Here, several related theoretical and experimental investigations of edge plasma dynamics
are reported. The theory of thermally driven convective cell edge turbulence has been developed to treat
the coupling of the radiative condensation instability to the resistivity gradient expansion free energy.
This model of edge turbulence has led to a theoretical understanding of several anomalies in electrostatic
edge turbulence found from experiment: that fluctuation levels and transport coefficients are larger than
naively expected, that potential fluctuations are significantly larger than the density fluctuations, and
that particle confinement time rolls over at high density. Impurity gas puffing experiments on the TEXT
tokamak have been performed to test this theory and have indicated favorable results. Resistive fluid
turbulence models have also been explored and applied in the hope of understanding the extensive edge
magnetic fluctuation studies. Models of electromagnetic microtearing turbulence, resistive pressure
gradient driven turbulence, and ion temperature gradient driven turbulence are discussed. In particular,
the role of resistive fluid turbulence with separatrix effects in the L — H mode transition is studied.

1 . INTRODUCTION

The edge plasma dynamics are investigated using electrostatic and
electromagnetic resistive fluid turbulence models. It is shown that the
large electrostatic fluctuation levels and corresponding transport
coefficients, which are prevalent in -the tokamak edge, can be understood
in terms of an electrostatic resistive fluid turbulence model including
resistivity and impurity gradients as well as the significant effects of
impurity radiation. Experiments on the TEXT tokamak have critically
addressed this edge turbulence model. Also, it is shown that
electromagnetic resistive fluid turbulence models explain several
features of the edge magnetic turbulence measurements, and such models
are consistent with aspects of the L->H mode transition.

2. ELECTROSTATIC RESISTIVE FLUID TURBULENCE

The extension of the well known rippling mode model [1] to a
resistivity gradient driven turbulent saturated state [2] has produced a.
number of successes and failures in the understanding of edge turbulence
in present day tokamaks. It is shown that many of the anomalies found in
experiment can be understood in terms of a thermally driven convective
cell turbulence model [3], which includes the important effect of impurity
radiation in the edge. To further investigate this phenomenon results from
impurity gas puffing experiments on the TEXT tokamak are reported here.
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2.1. EXPERIMENTAL MOTIVATION OFTHE THEORETICAL MODEL

There is reasonably strong evidence that resistive fluid turbulence
is a good model of tokamak edge turbulence. In support of this assertion,
experiments on the TEXT tokamak [4] have indicated that the edge
turbulence exhibits: a fluid type regime which is not Boltzmann

(e0 / 7' * n I n) in character, significant temperature fluctuations

(T I T), and non-zero average parallel wave vectors [k #0) indicative

of radial asymmetry of the fluctuations, along with the well known large
density fluctuations {HI n), potential fluctuations (e<3>/ TQ), and

transport coefficients (D). The resistivity gradient driven turbulence
model predicts a saturated state, with fluctuation levels weakly
dependent on the parallel thermal conductivity, such that the resultant
fluctuation levels are less than, but of the order of, the experimental
values, and is qualitatively in accordance with the above experimental
observations.

The importance of edge impurity radiation is clear when one
considers that improved confinement has been achieved by using
carbonization techniques and that the well known density limit may be
indicative of finite edge impurity density levels. Also, an extreme
example of the effects of impurity radiation is found in the case of the
MARFE or the detached plasma states, where the radiation from the
typical edge impurities (carbon and oxygen) can be of the order of the
input power. Additionally, there are several anomalies found from
experiments on edge turbulence which could not be" adequately addressed
with the usual resistive fluid turbulence models prior to the inclusion of
the impurity radiation effects and the thermal instability. It is shown
that the thermally driven convective cell edge turbulence model can be
used to explain the following experimental results: that potential

fluctuation is greater than the density fluctuation {eSl TQ> n I nQ), that
fluctuation levels (if I n~.5) and radial particle diffusion coefficients
(D~5x 104 cm2/sec) are qualitatively consistent with experimental
values, that particle confinement time tends to roll over at high density,
and that transport is found to be somewhat insensitive to the loop voltage.
However, it should be noted that one issue which is still not resolved is
that the dominant poloidal mode number (m-50) found from experiment
[5] is appreciably greater than that which is predicted by theory.

2.2. THEORETICAL MODEL

Our model of electrostatic edge turbulence is based on the reduced
resistive MHD equations in cylindrical geometry, a resistivity evolution
equation containing impurity radiation sources [3,6], and an impurity
dynamics equation for a single low-Z impurity species [7]. The resultant
model of thermally driven convective cell edge turbulence includes the
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thermal instability {impurity radiative cooling and condensation) [8-10],
the resistivity gradient, and the impurity gradient drive. The saturation
mechanism of the turbulence is due to parallel thermal and impurity
flows, which are significantly enhanced by turbulent radial diffusion.

For simplicity of presentation, a heuristic derivation of the
essential ingredients to this edge turbulence theory is ' presented here by
employing a minimal representation of the temperature fluctuation
equation,

In Eq. (1), the radial diffusion coefficient, £L, represents the
renormalized convective nonlinearity, %T is the parallel thermal
conduction parameter, the parallel wave vector k ~ k&xl L depends on

the radial displacement due to the sheared magnetic field, i.o is the shear
s

scale length, V ~2nRfE is the loop voltage, Ln is the resistivity gradient

scale-length, and yR~ nz(2fzl T- dfzl dT) is the impurity radiation

induced growth rate, where the radiation rate lz depends on theparticular impurity species.
describing saturation is:

- 1

In the turbulent state, the equation

(2)

where the turbulent radial cell size is given by A - = ( L DTI Zj-kg)

The first term in Eq. (2) represents the thermal instability drive, the
second term is the temperature gradient drive, and the third term is the
thermal conduction damping.

In the radiation dominant limit, the radial diffusion coefficient,

exhibits an independence of the loop voltage, as well as a strong
dependence on the impurity radiation and the parallel thermal conduction.
The basic result of this edge turbulence analysis is that the cross-field
convection induces a turbulently enhanced parallel thermal conduction
which tends to quench the thermal instability at an elevated but finite
level of fluctuations and transport.

2.3. THEORETICAL PREDICTIONS

The full nonlinear saturation analysis leads to predictions for the
fluctuation levels and transport coefficients. In particular, we present
the nonlinear algebraic equations for the potential fluctuation, the density
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fluctuation, and the radial particle diffusion coefficient. The potential
fluctuation at saturation is obtained by solving a coupled set of nonlinear
equations for the turbulent cell size. The potential fluctuation
enhancement at saturation (relative to fluctuations driven by only a
resistivity gradient) is given by

r0)
= 1 + 77. 1 + 1

2/ 3'

oJ

+ r,
( ( •* ' ro)l

1 / 3

R
)

(4)
The relative density fluctuation at saturation is obtained by using a
nonlinear mixing length estimate and is given by

1 + 77- 1 + (rz"rH) (5)

Finally, using the potential and density fluctuations at saturation, the
relative radial particle diffusion cpefficient is given by

4 / 3

D

• = 1 + 7 , .
n0

1 + 1

-1/2 1/4")

) !

(6)

Here, r and r are the normalized impurity radiation growth rates, and

TJ, is the ratio of the resistivity gradient scale-length to the impurity

gradient scale-length.
The result of the above analysis is that for typical high density

tokamak parameters, the fluctuation levels (r7/ n~. 5) and transport
coefficients (D~ 5x 104 cm2/ sec) are enhanced by radiative effects to
near experimental values. The results are also insensitive to the loop
voltage. In addition, the impurity radiation rate is proportional to the
edge density; consequently, it is expected that the particle confinement
time should exhibit a roll-over at high density due to the enhanced
transport. Furthermore, it is quite important to note that when the
results are graphed against the impurity radiation level, the potential
fluctuation is significantly enhanced over the density fluctuation

(e$I Tn> n I n j , also consistent with experiment. Finally, since the

impurity radiation drive is dependent on the derivative of the impurity
radiation rate with respect to temperature, we might speculate that the
edge fluctuations may tend to be stabilized for a judicious choice of
injected edge impurity which radiates at a higher than typical
temperature.

2.4. IMPURITY GAS PUFFING EXPERIMENT

Impurity gas puffing experiments were conducted on the TEXT
tokamak in order to analyze the above theory of edge turbulence. The
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FIG. 1. Profiles of (a) density and (b) temperature versus normalized radius, before (a) and after (•)
nitrogen puffing.

experiments consisted of injections of various impurities while
observations were made of the alterations to edge profiles, fluctuation
amplitudes, and transport.

The data were taken on TEXT, a medium size tokamak of /?=100 cm
major radius and minor radius of a-26 cm defined by a full poloidal
limiter. The parameters for this experiment were 20 kG toroidal magnetic
field, 200 kA'plasma current, and a chord averaged density of 3x101 3

cm" 3 . Impurity gas puffing experiments have been performed with C
(Methane puffing), N (Nitrogen), and Ne (Neon). Both C and N are impurities
which predominantly radiate (-5-20 eV) in the far edge (which has been
confirmed in this experiment) and cause substantial increases of the



IAEA-CN-50/D-IV-10 283

0.4-

0.3-

0.2-

0.1-

0.0-

n I

(a )

0.98 1.00 1.02 1.04 1.06 1.08 1.10

r/a

o.o-

0.6-

0.4-

02-

o.o-

I
a

i
a

I
•

i
D

i ] .
D

•

( b )

0.98 1.00 1.02 1.04 1.06 1.08 1.10

r/a
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after (•) nitrogen puffing.

potential fluctuation level and transport in the edge region. The N puffing
case is shown in Figs 1 and 2 . There is very little density and
temperature profile alteration shown in the experimental results, Fig. 1 .
Also, the change in edge density fluctuation levels is small; however, the
potential fluctuations are significantly enhanced throughout the edge, Fig.
2 . With Ne puffing, which radiates (~50 eV) somewhat further into the

plasma, no changes in the fluctuation levels were observed using Langmuir
probes, which was expected from theory. However, preliminary
experiments have also been performed which utilize heavy ion beam
probes to measure fluctuations from a smaller radial location
(rI a= .6 -» .8 ) . Recently, these measurements have been made just
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after a ventilation (during which time there was a large impurity
concentration) [11]. The results from these experiments do in fact
indicate an increase in e$t T without any significant change in ff / n .

It should also be noted that observations from experiments [12] have
shown a particle confinement time roll-over at high density, which is
consistent with impurity radiation enhanced edge turbulence. Finally,
additional experiments have indicated that fluctuation levels and
transport are not sensitive to the loop voltage, which is also in
qualitative agreement with the thermally driven edge turbulence model.

3. ELECTROMAGNETIC RESISTIVE FLUID TURBULENCE

3.1. EXPERIMENTAL SUMMARY

The amplitude of turbulent magnetic fluctuations at the plasma edge
has been observed to increase linearly with power in L-phase discharges
[13-16], while z£ simultaneously decreases. In D I I I -D , magnetic

fluctuations with frequency 5 kHz< / <25kHz, poloidal mode number
m~ 8, and fluctuation level 8Br I S ~10'4 have been observed in L-phase.

These fluctuations have exhibited a strong dependence on poloidal beta
( pe). Moreover, such fluctuations are well correlated with the L-*H phase
transition in that SBr I B in H-phase is approximately one third the

value in L-phase and since changes in magnetic fluctuations have been
observed to "lead" other signatures of the transition, such as Ha

emission [17]. Also, magnetic fluctuations have been observed to increase
during ELM events. The relation of magnetic fluctuations to transport has
been suggested by runaway confinement experiments on the ASDEX
tokamak [18]. In those experiments, runaway electron confinement was
observed to degrade with power during L-phase and to increase suddenly
at the L-* H transition. The radial correlation length of magnetic
turbulence was determined by the ratio of runaway electron confinement
time to thermal confinement time. Results indicate that the correlation

length is 1mm <Ar <2 mm and that Ar~rrzB' P' , while

8Brl Bo~n--1BO - -6P-6 .

3.2. THEORETICAL MODELS

All-told, these experimental results suggest that small scale,
moderate mode number (i.e., dissipative or resistive layer)
electromagnetic turbulence may play an important role in edge plasma
confinement and dynamics. Here, we summarize recent developments in
the theory of two electromagnetic edge turbulence models: microtearing
turbulence and resistive pressure gradient driven turbulence. We also
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discuss the possibility of electromagnetic ion temperature gradient
turbulence. Finally, the dynamics of resistive fluid turbulence in
separatrix geometry will be discussed.

3.2.1. MICROTEARING TURBULENCE

Microtearing turbulence (MT) develops from microtearing
instabilities driven by the electron temperature gradient via the time
dependent thermal force [19,20]. Note that,for microtearing modes, A'<0.
For o» „ < v_, where o>, . = k.p-c^l L and va is the electron-electron

T ** I v £> o / »
collision frequency, the microtearing mode growth rate is given by:

2
y = - ^ ( 1 + a ) « r f + - ^ A 1 - ^ (7)

and

Here, (1+ a)aa' is a constant factor ~25 and A' = - 2 | k |. Note that the
microtearing mode current channel width, given by W, is determined by

2 2 2 2
the balance a>. ~ k$ W~v I L vQ. Finally, for a, T> vg, y~ vg, rather

than y~ a. T / vg.

Microtearing modes saturate by generation of small scales which
couple to dissipation. In the case of MT, this generation is effected by an
amplitude dependent hyper-resistivity, derived using standard closure
theory [21]. The balance of microtearing mode growth with hyper-
resistive dissipation predicts that MT saturates when W ~ W- Here, W

is the rms magnetic island width. This electromagnetic mixing length
criterion yields the MT magnetic fluctuation level:

SBr' S o ~ 7 ^

where a-1.7 and QQ is the electron gyro-frequency. Using Eq. (9) and
2

the familiar relation ;te= £..<(5Sr / B) >, the thermal diffusivity for

MT is found to be:

2

It is interesting to note the parameter scalings:

and the fact that xe increases with radius. In particular, %e scales
favorably with current, depends weakly on Te and can be expected to
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decrease in regions of strong shear. Finally, by using DIII-D parameters in

Eq. (10), Eq. (11) yields SBf I B ~ 1.5 x 1 0~4 , %Q~ 7 x 104 cm2/ sec.

3.2.2. RESISTIVE PRESSURE GRADIENT DRIVEN TURBULENCE

Resistive pressure gradient driven turbulence (RPGDT) due to
resistive ballooning modes has been extensively studied in the context of
electromagnetic edge turbulence [22,23]. Recently, the calculation of the
thermal diffusivity induced by RPGDT has been reconsidered [24]. In
particular, it has been noted that the radial scale-length of the magnetic
fluctuation is different from the scale-length of the electrostatic
perturbation. This is a consequence of the fact that the relation of the
current fluctuation to the fluctuating flux is J = (A7 W) f, where W is
the characteristic scale for the velocity fluctuations and A' is the
logarithmic derivative of \jr at the resonant surface. Therefore, since
A'=-2|/c f l| for high kg current perturbations, the relevant radial scale

1/2
for magnetic perturbations is {WI k^ . It is interesting to note that
the use of simple dimensional analysis [25] or mixing length methods
would be ineffectual to this end, since two disparate spatial scales enter
the determination of magnetic fluctuation levels.

Trie xe for RPGDT is estimated using the theory of test particle
transport in a stochastic magnetic field with 8Bf I B > L±/ L, where L±

and L are the perpendicular and parallel correlation lengths,

respectively. Accounting for the multiplicity of radial scales yields,

Z8=2.1x10 - 3 5
! / 3 2/ 3

1/3 1/ 3 . T T . 4 / 3 , T 1 / 2
D

 1 0 / 3

x meff "e (neTe+njTi) ' Te BQ C13)

Here, %e has units of m2/sec, n2 is the mean square toroidal mode
number, L is the pressure gradient scale-length, and \n(X) appears in v .

* 81
Retaining diamagnetic effects for the regime m, > y [26], %Q becomes:

-1 /6

(14)

where XQ is given by Eq. (13). Note that, in contrast to previous results,

the dependence of %g on S and p is weaker (~ p4/3S~2/ 3) and that
the magnitude of %g is larger. Also note that strong shear or steep
density gradients tend to reduce RPGDT transport. Finally, it should be
noted that neoclassical MHD [27] and trapped particle driven resistive
interchange modes [28] will produce thermal transport with similar
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parameter scalings. However, the neoclassical MHD instability is that
which arises from a twisting mode, since neoclassical tearing modes have
negligible growth rate [29] and will be inhibited by ambient, smaller scale
fluctuations.

3.2.3. ION PRESSURE GRADIENT DRIVEN TURBULENCE

Up until now, we have discussed edge turbulence mechanisms with a
predominant or significant electromagnetic component. However, in the
absence of more definitive experimental results, the possibility that the
edge magnetic fluctuations are due to magnetic perturbations of a
fundamentally electrostatic turbulence and transport process cannot be
excluded. In particular, ion pressure gradient driven turbulence (IPGDT)
driven by TJ.-modes is a particularly strong candidate for explaining

electrostatic turbulence in auxiliary heated tokamaks. Moreover, since
edge temperatures are comparatively low, IPGDT can be expected to evolve
past quasimarginal stability (i.e., JJ. > rj. ) at the edge. The dynamics

/ / c r 11

of IPGDT are discussed elsewhere [30], Here, we add the expression for
the magnetic fluctuation associated with IPGDT:

1/ 2 (o.
(15)

^ ' / ) x """ *" ""b { ' e J

where
3 / 4 f z,

) ) 0~
(16)

Here, a>. p = kepfvT I Lp , a>b = vT I Rq, o>D = kepscs/ R and

n. = L-n I L Note that SBr I B increases linearly with /} and depends

strongly on L . Thus, 8Bf I B can be expected to increase with power

in L-phase and to drop sharply at the L-»H transition, when edge density
gradient steepening [31] quenches the ^-instability. However, while

magnetic fluctuations certainly track the OH-+ L-> H transitions,
electrostatic fluctuations do so as well, and furthermore determine the
transport processes. Hence, in IPGDT, magnetic perturbations are a "rider"
on a fundamentally electrostatic process. Thus, a proper study of edge
turbulence which can critically examine these competing scenarios
clearly requires simultaneous measurement of density {fit n), potential

(e$I T), and magnetic fluctuation levels.

3.3. SEPARATRIX EFFECTS

The discovery of the H-phase [32] and the observation of a transport
barrier at the edge of diverted H-phase discharges [33] have naturally
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motivated interest in the effects of separatrix geometry on resistive
fluid turbulence, such as RPGDT. This interest has intensified as a
consequence of the experimental observation that H-phase edge pressure
gradients appear limited by the first ideal stability boundary [34], and the
absence of the theoretically predicted [35] coalescence of first and second
stability regions. Here, we summarize recent developments in the theory
of resistive fluid turbulence at the edge of diverted discharges.

A key feature of separatrix geometry is that the poloidal magnetic
field B tends to vanish at x-points of the separatrix. As a consequence,
the safety factor q^ and global shear parameter & diverge according

to:

08)

as the normalized radial coordinate p-»1 (O^psi, with p=1
corresponding to the separatrix). Here, q and £ correspond to the

cylindrical values of q and S. Using standard methods [36], the
dispersion relation for fast growing ( ? ~ T ) 1 / 3 ) resistive ballooning modes
in separatrix geometry is then given by:

^ + a ) s
2 ( i + ^ ) y = r 0

3 / r ( p ) (19)

and

'13S£kf"
Here, %. is the 'cylindrical geometry' growth rate, ©„= c o / Rq, and E, K

are elliptic functions. Since f (p)->1.31 as p->1, it follows that the
linear growth rate is basically unaffected by divertor geometry. In this
regard, note that stabilizing 'perpendicular compressibility' effects are
insensitive in the limit p-»1.

As separatrix effects do not alter the linear stability of resistive
ballooning modes, it is appropriate to explore their effects on transport.
The thermal diffusivity for RPGDT in separatrix geometry is given by:

where x^ is given by Eq. (10). It is easily verified using Eqs (17) and (18)
that xe{p)->® as p->1. It is also interesting to note that the result of
Eq. (21) is a consequence of the fact that the radial correlation length (i.e.
diffusive step size) A r = 1 / /c £ A 0 shrinks as p-»1. Thus, the
properties of RPGDT are such that large pressure gradients can be
supported by large 5 (strong shear) in the vicinity of the separatrix.
Furthermore, high edge temperatures and steep edge density gradients
serve to quench RPGDT via sound wave coupling, Eq. (19), and diamagnetic
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effects, Eq. (14). Thus, the properties of RPGDT are consistent with
improved confinement at the edge of diverted H-phase plasmas, even
though the linear growth rate of resistive ballooning modes does not fully
manifest such properties. A detailed understanding of the role of RPGDT
in the dynamics of the L-»H transition requires time-dependent transport
simulation and awaits further study.

4 . CONCLUSIONS

As a consequence of the above discussions, it is clear that
measurements should be made on experiments to obtain both the
electrostatic and the electromagnetic fluctuations. Both of these pieces
of information are essential to the full understanding of the edge
transport.
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Abstract

MHD ALFVEN STABILITY IN IGNITED TOROIDAL PLASMAS.
The presence of fusion product alpha particles in an ignition tokamak can significantly modify

the stability behavior of the burning plasma. In the paper, the effects of toroidicity are retained in a
theoretical description of two global-type shear Alfve'n modes that can be destabilized by the alpha
particles. Toroidicity can lead to stabilization of the global shear AlfviSn eigenmode, but it induces a
shear Alfven gap eigenmode whose growth rate is even larger, although these modes may saturate
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nonlinearly. The stabilizing influence of highly energetic particles on low frequency MHD ballooning
and internal kink modes is also explored; in particular, ion diamagnetic frequency effects may stabilize
fishbone oscillations, as has been observed with monster sawteeth in JET with ICRF heating.

1 . GLOBAL ALFVEN WAVE STABILITY WITH ALPHA
PARTICLES

In an ignited tokamak plasma, high energy alpha particles are born with a
radially peaked profile. The expansion free energy associated with the alpha
particle density gradient can drive thermonuclear instabilities. In particular,
global-type shear Alfven waves can resonantly interact with the transiting
alpha particles via inverse Landau damping to tap this free energy source
and grow unstably.

There are two types of global Alfven waves in a tokamak plasma. Both
are characterized by having low to moderate toroidal and poloidal mode
numbers (n and m, respectively) and by having no relevant mode rational
surface, i.e., k\\ ^ 0. The first type, the so-called Global Alfven Eigenmode
(GAE), has its frequency just below the radial minimum of the shear Alfven
continuum. This mode has previously been examined only in cylindrical ge-
ometry, where it was found that the transit wave-particle resonant interac-
tion with super-Alfvenic alpha particles could destabilize it, but with weak
growth rates [1]. Here, we find that toroidicity induces coupling to electron
Landau-damped sideband modes, which causes the GAE modes with n ^ 0
to become stabilized at moderate values of the aspect ratio. Furthermore,
the n = 0 GAE mode is found to be stable in toroidal geometry.

The second type of global Alfven mode is termed the Toroidicity-Induced
Shear Alfven Eigenmode (TAE). This is a new global mode, induced purely
by finite toroidicity. Its frequency lies within "gaps" in the shear Alfven
continuum, which are created by toroidal coupling. Previously, the exis-
tence of this mode was exhibited in the MHD fluid limit without alpha
particles [2]. Here, we show that the TAE mode can be strongly destabi-
lized by alpha particles in a burning plasma: it is much more unstable than
the GAE mode, over a wider range of values for the alpha particle density
scale length (which is a measure of the available free energy). Similar re-
sults have been found from a perturbative treatment of the alpha particle
effects [3].

1.1. Global Alfven Eigenmodes

In the present work, the effects of finite toroidicity were retained in the wave
equation for the n ^ 0 GAE modes [3]:
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(1)

where the plasma response, described by the susceptibility tensor *x*,
been separated into three parts. The fluid-like response of the background

plasma is given by x7 =
 ( C / ^A) 2 ( I ~ bb), where b = B/B is the unit

vector along the magnetic field. The kinetic response of the background
plasma (in the low-frequency limit tv < wCI), given by X*M includes finite ion
Larmor radius effects and Landau damping from parallel electron dynamics.
The response of the low-density, highly energetic alpha particle component is
given by x£, which is derived from the drift kinetic equation (with trapped
alpha particles neglected). Note that x? involves coupling to the m i l
sidebands because the alpha particle magnetic drift velocity has poloidal
variation; however, these sidebands contribute to a perturbed drift current
that has the same poloidal mode number as the perturbed electric field E.
The dominant toroidal effects come from Xf a n d the V x Vx operator
on the left-hand side of Eq. (1); these were derived, for concentric flux
surfaces, in toroidal coordinates. The resulting coupled system of linear
differential equations was truncated to a six-by-six system for three poloidal
modes of the two transverse .E-field components. These equations were
solved numerically for a small, non-zero value of the density at the plasma
edge r = a, in order to have finite Alfven frequency w^ = k\\mVA, where
k\\m = (n — m/q)/R and vA ~ B/ (n.mi)1'2.

Figure 1 shows the growth rate, 7, as a function of the inverse aspect
ratio, £ = a/R, for the n — 1, m = — 2 GAE mode coupled to the sidebands
(1, -1 ) and (1,0). The real frequency of the mode is uir = 7.95 x

0.2 0.4
o/R

FIG. 1. Growth rate 7 of the n = 1, m = —2 global Aljve'n eigenmode coupled to the sidebands
(1, —1) and (1, 0), as a Junction of the inverse aspect ratio a/R.
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The results in Fig. 1 were obtained for Laja = 0.25, where La is the alpha
particle density scale length, and for ignition parameters of B = 10 T, no =
1021m""3, and T{0 = Teo = 30keV. Because one of the sidebands has a shear
Alfven singularity, e.g., u>2 — u>\ m+i(r), it experiences large electron Landau
damping, which draws energy from the main mode through the toroidal
coupling. The consequence is that the GAE, which is driven unstable in the
presence of alpha particles at e — 0 (i.e., in the cylindrical limit), can be
stabilized by this sideband dissipation for e ^ 0.1.

In contrast to the previous cylindrical geometry calculations [1] which
had found that the n — 0 GAE is more unstable than the GAE modes with
n ^ 0, we find that the n = 0 GAE is stable in toroidal geometry. The reason
is that the ± m poloidal harmonics for the n = 0 mode have very nearly the
same amplitude, so that their contributions to the alpha particle-induced
inverse Landau damping through the alpha particle diamagnetic frequency,
w*a, which is proportional to m, tend to cancel. This result, which will be
discussed also in the next section, was found from fully toroidal numerical
calculations that used the NOVA-K nonvariational kinetic-MHD stability
code [4]. '

1.2. Toroidicity-Induced Shear Alfven Eigenmode

The alpha particle-driven instability of the TAE mode was studied by con-
sidering an axisymmetric toroidal plasma consisting of core and alpha par-
ticle components, with /?„ < /?c and Ta ^> Tc. The ideal MHD description
was adopted for the core plasma, and the drift kinetic description for the
alpha particles. The alpha particles interact with the core plasma through
a pressure gradient force on the core plasma fluid displacement £, which is
governed by the momentum balance equation:

u2p(= V6Pc + V-sK + SBx J + BxSJ (2)

Here, SB, SJ, and 6PC are the perturbed magnetic field, current, and core
plasma pressure, respectively. The perturbed alpha particle pressure tensor,

6 Pa, is obtained from the drift kinetic solution for the perturbed distribu-
tion function, Sfa, in which all bounce and transit resonances were included.

The resultant integro-differential eigenmode equations were solved in a
general flux coordinate (ip,8,() system for realistic numerical equilibria by
means of a nonvariational kinetic-MHD stability code (NOVA-K) [4]. The
alpha particle equilibrium distribution was taken to be uniform in pitch
angle A and slowing down in energy e: FOa = C(V>)e~3^2 for e > ea and zero
otherwise, with ea the alpha particle birth energy and C(tp) proportional to
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the alpha particle pressure Pa(i/>), which is related as Pa(i/>) oc P7/2(tp) to
the total plasma pressure P(ip).

The TAE modes exist with discrete frequencies inside the gap of the
shear Alfven toroidal continuum spectrum [2]. The gap is formed due to
toroidal coupling of different poloidal harmonics. For example, the coupling
of modes (n, m) and (n, m + 1) at q(r) = (m + 1/2) jn form a gap bounded
by 2 2

w ± = w ° 2 + \ lWi^/ ± 2 w H:R + A ' ( r ; 7 (3)

Here, u>l = (vA/2qR)2, KS = 2K-(BX VI/>)/B2 is the geodesic curvature, and
A measures the shift of the center of the flux surfaces from the magnetic
axis, with A' = dA/dr > 0.

Figure 2 shows the growth rate, -f/u^A > °f t n e n — \ fixed boundary TAE
mode as a function of u*alu>A f°r a numerical equilibrium with circular
plasma boundary. The pressure pfofile is P(y) oc (1 — y2) , with y = ?/>/A0
the normalized poloidal flux; the other pafameters are #(0) = 1.05, q(l) =
2.3, tf'(0) = 36.12, q'(l) = 140, and R/a = 4. The volume-averaged total
beta is {/?} = 1.89% and the alpha particle beta is (fia) = 0.4%. Here,
uta is the alpha particle diamagnetic drift frequency for m = 1 evaluated
at y1/2 = 0.5, and U>A = vA{$)lq{l)R- The real frequency for the mode,
u>r/u>A — —0.705, lies within the continuum gap. The m = 1 and m = 2
harmonics have their maximum amplitude near y1?2 = 0.5; hence w»a is a

FIG. 2. Growth rate yfor the n = 1 ioroidicity-induced shear Alfven eigenmode as a Junction of the
alpha particle diamagnetic drift frequency u.a (normalized to the shear Alfven frequency a>J.
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good measure of the available alpha particle free energy via inverse Landau
damping. Figure 2 shows that u>ta is large enough to overcome the usual
Landau damping when uta/u>A > 1.5, and beyond this threshold the growth
rate 7 is almost linearly proportional to u;»a. From these results, we can
conclude that,for typical tokamak reactor parameters, the growth rate of
the n — 1 TAE mode can easily be of the order of 10~2a;r, which is at least
one order of magnitude larger than the GAE mode growth rates.

The stability properties of the global Alfven waves can be interpreted
with the use of the quadratic form derived from Eq. (2): w28K = 6Wj +
SWkta, where 6K is the fluid inertial energy, SWj is the total fluid potential
energy, and 8Wk,a is the alpha particle kinetic energy, which contains both
bounce and transit resonances. For ui = ur + «7, with j— |̂ -C |wr|, we obtain

7 « — / dipdA I —7~TJ7 1 lS1gn (wr) -fa(0)]

r , m x , , >^2]

(v naW (4)
m,m',p=-oo U> UCi W

is the alpha particle transit frequency evaluated at e = ea, wiS —
mu>*a, Tt/va is the alpha particle transit time, and {Gm,P(0)) is the transit
average of Gm,p, which is proportional to the mode amplitude. Equation (4)
shows that if u>i™' < 0, then 7 is positive for u>T < 0, and vice versa. It is also
clear that 7 is linearly porportional to w*o, consistent with the numerical
results from the NOVA-K code.

From Eq. (4), we can also see why the n = 0 GAE mode is stable
with respect to the alpha particle free energy. Since the alpha particle
effects are perturbative (/3a < 1 ) , the mode structure is well described by
the ideal MHD toroidal wave functions, whose (0,m) and (0, —m) modes
have equal amplitudes, |{Gm,P(^))|2 = |<GLm,p(0))|2. Therefore, the wfe)

term cancels with the ulZ term, and the n = 0 GAE mode is thus stable.
[More precisely, note that this symmetry among the mode amplitudes is
broken by the u)ta terms themselves, so that instability for the n = 0 mode
can be recovered for sufficiently large alpha particle drive. From a zero-
dimensional mode coupling argument, we estimate that n = 0 instability
can occur when 7a,m/wm ~ O ({e}m+ ) , where ivm and 7a,m are the real
frequency and the alpha particle contribution to the cylindrical growth rate
for mode (0,m) and (e) is the inverse aspect ratio averaged over the wave
function. However, for the typical ignition parameters considered here, this
condition is not satisfied (in particular, for m = 1 and 2, the most unstable
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cylindrical modes), and hence the conclusion is valid that the n = 0 GAE
is stable in toroidal plasmas.]

Finally, kinetic effects from the core plasma were not included in this
analysis, because ion FLR effects are negligible and electron Landau damp-
ing on the TAE mode is about an order of magnitude smaller than the alpha
particle-induced growth rate.

1.3. Nonlinear Saturation of the Toroidicity-Induced Shear
Alfven Mode

A general procedure was developed to describe the nonlinear saturation of
modes like the TAE mode discussed earlier. It is assumed that the back-
ground plasma supports discrete non-overlapping modes with a positive
wave energy u>[dG(w)/dw] |£|2, where £ represents the wave field ampli-
tude and G(ui) = 0 is the dispersion relation. Without a source of insta-
bility, it is assumed that there is a power drain, PD(u)\£\2, due to back-
ground plasma dissipation mechanisms. Thus, the damping rate is given by
Id = JPD(<*>) [2dG(u:)/du)]~ . Instability is assumed to arise from an injected
source at high energy that slows down by a classical drag process. In the
case of the Alfven gap mode, the instability source arises from the spatial
gradient in a group of resonant particles. The power introduced from the
source is given by Ps(w)|£|2 and instability arises if Ps(w) > PD(U>), with a
growth rate 7 = [Ps(u) - PD(U)] [2dG{u>)/du]'1.

As the mode grows, the local spatial gradient is flattened, and if no
source were present, the mode would saturate by the flattening of the
spatial gradient in the vicinity of the resonant particles. However, with
a source, new resonant particles come into resonance at the source's in-
put rate. Hence, the flattening of the spatial gradient cannot saturate
the instability by itself, but the flattening does reduce the growth rate.
We have calculated the self-consistent slowing-down distribution in the
presence of a finite amplitude wave and find that, at large enough ampli-
tude, the power, PNL, transferred to the wave by the resonant particles
is Pyvx — (v/ub) Ps(w)\£\2> where v is the input rate of the source and
on « m \i/La y is the trapped particle bounce frequency in the wave (as
long as uj), > is), with Ls the shear length and m the poloidal mode number.
This result indicates that saturation occurs when ui^fu = PS(U))/PD(U>).

Since v is small, this saturation result normally means that spatial diffusion
of resonant particles is localized, and they are not lost from the system. De-
tailed quantitative calculations using parameters of linear theory still need
to be performed. Further study is also needed to assess large phase space
gradients that arise in the resonant region, which may give rise to nonlinear
instability.
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2 . LOW-FREQUENCY MHD STABILITY WITH
ENERGETIC PARTICLES

The stability of low-frequency MHD modes, such as ballooning and internal
kink modes, can also be influenced by the presence of alpha particles (or
a beam-injected or rf-heated energetic species). In contrast to the global
Alfven waves, these low-frequency modes tend to interact with the trapped
component of the energetic particles, and the relevant wave-particle res-
onance occurs at their magnetic field curvature drift frequency (bounce-
averaged).

2 . 1 . Stabilization of Ballooning Modes

When such resonant interaction is negligible—which requires a highly aniso-
tropic distribution of energetic particles—the energetic trapped particles
can actually stabilize ballooning modes by enhancing compressibility effects
through their non-fluid behavior [5]. A detailed study of numerically gener-
ated equilibria for finite-aspect-ratio, anisotropic-pressure tokamak plasmas
was able to demonstrate the global stabilization of high-mode-number bal-
looning modes that is due to energetic trapped particles. A procedure was
developed to derive the optimal trapped particle pressure profile. Varia-
tions in aspect ratio and in plasma shape (circular [6], dee, and bean cross
sections) were studied and found to have a strong impact on the condi-
tions for stable access to the high-beta second stability regime. Studies
with aspect ratio values of 5 and 10 suggest that the required hot par-
ticle beta value scales as /3hot c* o,/R. In particular, at R/a = 5, the
minimum values for /3hot and ^(0) that are needed for simultaneous sta-
bility on all flux surfaces as the plasma beta is increased were found to
depend on cross-sectional shape as 0.5% = j3bean < fldee < /̂ circle = 4.5%
and 1.25 = g(0)bean < q(0)dee < q(Q)&d« = 1.5.

The dependence of ballooning mode stability on finite aspect ratio in
the presence of energetic trapped particles was also examined analytically
by solving for the equilibrium in an expansion up to O(a/R)2. Finite as-
pect ratio effects somewhat improve the stabilization. However, when the
energetic particles become drift reversed as the beta increases, an additional
region of ballooning instability is encountered. Also, the limits imposed by
ripple loss are more stringent at high values of the aspect ratio than at low
values [7].

2 . 2 . Stabilization of the m = n = 1 Internal Kink

The m = n = 1 internal kink that can be excited by hot trapped particles
through their curvature drift frequency resonance was found to possess a
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new stability regime when background plasma finite gyroradius effects are
included. Experimentally, such destabilization by an energetic minority
ion component has been observed in fishbone oscillations of tokamaks with
neutral beam injection [8], whereas the stabilizing feature has recently been
observed in "monster" sawtooth oscillations in JET with ICRF heating [9].
We have developed a stability theory that describes both types of behavior.
The quantitative results thus far only accurately describe the case when the
parallel electric field is zero. This leads to the dispersion relation

SWk) - • = o (5)

where all frequencies with a caret are normalized to the deeply trapped hot
particle drift frequency at its birth energy. (Note that here U>A — VAS/R, at
q = 1.) For 6Wj we use the expression obtained by Bussac et al. [10]:

% (6)

where Bp is the poloidal field at the q = 1 surface. For SWk we used the
expression obtained by Chen et al. [11] for deeply trapped particles:

-±) with & = -(% (7)

where (/3Pih) is the poloidally averaged beta.

0.5

FIG. 3. Stability boundaries for the n = 1, m = 1 internal kink mode stabilized by ion diamagnetic
frequency (£>,,) effects in a tokamak plasma containing an energetic minority ion species (with beta
value J3J.
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The marginal stability boundary for J3h = ^ i i A as a function of w»j is
obtained from Eq. (5) and plotted in Fig. 3 for 6Wfu>A = 0, -0.01, -0.03,
and —0.05. For SWf&A < —0.087, no stable region exists. Even though
the ideal MHD internal kink would be unstable for these parameters, a
substantial stability domain may exist, as seen in Fig. 3. As &„• is increased,
we find that the negative energy precessional mode [11] and the u>»; mode [12]
merge. As a result, the stable region exists only for small w,,- (< 0.5) in the
ideal MHD limit.

Considering typical operating parameters of various tokamaks in which
highly energetic particles are generated, our theory suggests that TFTR
(&„• ~ 0.8) and PDX (w»; ~ 0.4) operate in a fishbone unstable region due
to large w«; effects, whereas JET (w»; ~ 0.2) and DIII-D (w»,- ~ 0.1) may lie
in either the stable or unstable region, depending on the values of $k and

3 . SUMMARY AND CONCLUSIONS

The stability of the two types of global Alfven waves in an ignited toka-
mak plasma has been studied analytically and numerically. Toroidicity
tends to stabilize the n ^ 0 global Alfven eigenmodes (GAE); and the
n = 0 GAE is stable, to lowest order, when toroidal coupling between
the ± m modes is taken into account. For the proposed CIT parameters,
the GAE modes are therefore not problematic, and attention should be fo-
cused on the toroidicity-induced shear Alfven eigenmodes (TAE), which are
strongly destabilized via transit resonance with alpha particles. A theoret-
ical framework for studying the nonlinear saturation of these toroidicity-
induced modes was also described.

With respect to lower frequency MHD modes, highly energetic trapped
particles are found to be able to stabilize ballooning modes and internal
kink modes in the ideally unstable regime. The former result suggests the
possibility of access to high-beta second stability; the latter result may be
relevant to JET observations of monster sawteeth.
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Abstract

BALLOONING MAGNETIC ISLANDS IN TOKAMAKS.
The magnetic islands produced by the resistive ballooning mode instability are studied. An

expression for the stationary islands width is presented. When there is no ideal ballooning mode instabil-
ity and q > 1, ballooning magnetic islands will be formed in the banana plateau collisionality regime
only.

It is shown in this paper that resistive ballooning modes can form during the
non-linear stage of magnetic islands to be called ballooning magnetic islands, in the
following.

A ballooning mode with some toroidal wavenumber n > 1 will be studied. We
make use of the representation [1]:

H*J,V) = £ f(a,f)exp(im0-in*>) (1)

where i; is the radial plasma displacement, f the amplitude of the poloidal harmonic
with wavenumber m > 1, t = m - nq(a), a is a radial co-ordinate, and 0, <p are the
poloidal and toroidal angles, respectively. The regions around the rotational magnetic
surfaces with a « a,,,, where a,,, is defined by the equation q(am) = m/n, are singu-
lar layers of the perturbation considered (Bo V = 0 on the surfaces indicated). With
this, to each poloidal harmonic of Eq. (1) there corresponds a unique singular
surface. However, in the ^-variable of the space, the perturbation has the only singu-
lar surface ( = 0. Thus, the problem of the ballooning magnetic islands is reduced
to that of magnetic islands caused by tearing modes in a plane layer [2].

As is well known, in the tearing mode problem, the co-ordinate space is divided
into a resistive layer (near the resonant surface) and an ideal region. In the resistive
layer, the perturbations are described by non-linear equations, while those in the ideal
region are considered to be linear. An analogous approach will be used in the
problem considered.

A peculiarity of the problem of ballooning magnetic islands consists in the fact
that the perturbations in the resistive layer are described in ordinary (co-ordinate)
space while those of the ideal region are described in the ballooning variable space.

303
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Previously, a method of matching of the solutions in the co-ordinate and Fourier
spaces was formulated in Ref. [3]. This procedure can, with some modification, be
used in the problem of the ballooning magnetic islands.

An important purpose of this paper is to obtain the equation describing the time
dependence of the island width, w. We note that, in accordance with modern ideas,
there are two main mechanisms of tokamak tearing mode excitation: one is due
to the parallel current density gradient in the ideal region, and the other one to the
pressure gradient in the resistive layer. Accordingly, the simplest non-linear equa-
tion of magnetic island evolution in the problem of the ordinary tearing mode has the
form [4-6]

dw/dt = a + j8/w (2)

where the constants a and /3 describe the effects of the gradients of parallel current
density and pressure, respectively. An equation of the same structure results, when
certain assumptions are made, in the problem under consideration. Thereby, our
problem is reduced to defining the constants a and /3 in the case of ballooning
magnetic islands. It will be shown below that, in the absence of an ideal ballooning
mode, the instability constant a is negative (a < 0), in the case of odd modes.
The growth of the magnetic islands can, in this case, only take place when /3 > 0.
Since a < 0, the island growth ceases when the island width reaches some critical
value wc.

To describe the perturbations in the resistive layer, we use the quasi-neutrality
condition and the equation of parallel motion:

div j*= 0, B- Vp = 0 (3)

We use a standard co-ordinate system a, 6, <p with straight magnetic field lines.
We represent the total magnetic field as

B = {[V<p x Vx] + [V$ X V0]}/2TT (4)

where x> $ are the poloidal and toroidal magnetic fluxes. We consider a perturbation
for which the magnetic surface a = am is singular. It is convenient to go over to
new variables defined by 0 = 6 — <p/q(am), <f> = <p, and to use a new flux function
instead of the poloidal flux:

* = V + Xi, ^* = -*2XoS/2am (5)

Here xo> Xi are the equilibrium and perturbed parts, x = a — am, S = aq'/q. In the
new variables, we have

90 d dip d \ ...
^ ) (6)— - + —— —g -^- —

dtp dx 06 30 ox

where g is the metric tensor determinant.
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We represent j*as j = j ± + IB, where j x = c [B X Vp]/B2 is the transverse
current density and I the parallel current density. The systems of Eqs (3) is supple-
mented by Ampere's law:

Ii = g " (2TTRBS)-' a2x,/3x2 (7)

and by parallel Ohm's law:

In Eqs (7) and (8), Bs is the mean toroidal magnetic field, VB = BS"'BV,
I, = I - Io denotes the parallel current perturbation, and j f is the bootstrap current
density,

where jte is the longitudinal electron viscosity coefficient, ve the electron-ion colli-
sion frequency, and B$ = XO^TTR is the equilibrium poloidal magnetic field.

We represent all quantities in the form X = X + X, where X does not depend
on tp and X oscillates with Up. We define the averaging over the magnetic flux
^ = const as

{W)

From Eqs (3), (7) and (8), in analogy to Ref. [4], we arrive at an equation
describing the non-linear perturbations in the resistive layer:

8ir RS dp
(Uo + H) —£- ( x - < x » -j +

dxl cz \ dt / e/3

(11)

where /?p = -27rpoa/B2, e = a/R. The quantity Uo corresponds to the mean?p

magnetic well of the Mercier mode stability problem:

(12)
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The parameter H, which represents the finite plasma pressure effects in the
problem of the resistive g-mode, is given by

H = 62/Jp (1 + 4j3p)/S (13)

The perturbations in the ideal region are considered to be linear. Then, in the
case of odd perturbations, f(Q is related to the plasma displacement amplitude in the
ballooning representation, F(y), by

f(f) = F(y) sin fy dy (14)
Jo

The F(y) function was calculated before in Refs [7, 8]. Note that, for small 2, the
main contribution to the integral (14) is given by the sufficiently large y region,
y > 1/2. Hence, in analogy to Ref. [3], instead of the exact expression for F(y), its
asymptotic representation can be used in expression (14), which, with Sy > 1, has
the form

F(y) ~ (Syr + X(Sy)-"-1 (15)

Here, v = (1/2) + Vl/4 + Uo and X is defined in Ref. [7]. Below, we shall use
the assumption of constant magnetic flux inside the resistive layer. For this to be
valid, it is necessary to assume that v < 1, Uo < 1. In this case, the expression for
a_ has the form

X = ft ctg Orp/2) (16)

where JX describes ballooning effects, p, = ( - l ^ ) " 2 , U, = -4H(1 - 5H). The
procedure of matching of the solutions of the ideal region and of the resistive layer,
to be carried out below, requires the calculation of A', which is equal to a jump in
the logarithmic derivative of the flux \ across the singular surface, 2 = 0. Using (14),
(15) and also the fact that Xi a xf, we obtain

A' = 4m/7raX (17)

In the limit n — 0, from (16) and (17), for A' a standard expression of tearing mode
theory follows: A' = —2nq7S. Equations (16) and (17) generalize this expression
for the case of ballooning tearing modes.

When electron viscosity is neglected, the odd resistive ballooning modes are
stable for A' < 0, i.e. for p < 1. Below, we shall limit ourselves to this case, i.e.
M < 1.

In accordance with expression (1), we represent the poloidal flux perturbation
as a sum of different helicity perturbations:
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Am(x,t) cos m$ (18)

We neglect the x-dependence of Am. A perturbation of the form (18) results in the
formation of magnetic island chains of width

wm = 4(Ama/XiS)"2 (19)

localized near the rational surfaces, a = am. The time evolution of the harmonics
with different m is considered independently and determined from Eq. (11).

Multiplying Eq. (11) by cos md and integrating across the resistive layer, we
obtain

A'A7r = -~- —-— I dx I d0 <cos m0> cos m0 -

( 6 1 \ Poo P*7m 3 -

• ^ ^ (Uo + H) ) S2 dx d0 cos m0* <x> —^- (20)

We assume that, outside the magnetic island, the separatrix p = p(^) has the form

( - ^ ) " 2 (21)

After integrating in (20), we arrive at an equation for the island width:

( 2 2 )

c2 3t 2 I, wl, [ Sve 2

Here,

d0i r
I, = kdk (cos m0>

2
2ir Jo J I" 1 . I"2

sgn x — (cos m0 + 2k2 — 1) |

I2 = V2 [ - 1 + 2 j < c o s m0> (2k2^1)l/2 dk

The numerical values of I] and I2 are given, e.g. in Ref. [5], by I] = 0.41 and
I2 = -1.82.
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Assuming the absence of an ideal ballooning mode instability, we note that,
according to Eq. (22), only sufficiently thin islands can grow; the following condi-
tion for this to happen must be fulfilled:

^ - \ (Uo + H) > 0 (23)

In the case of rare collisions (plateau and banana regimes), the first term in (23),
corresponding to the bootstrap current, plays the main role. In this case, the expres-
sion for stationary island width follows from Eq. (22):

ctg ^ (24)

which, if ballooning effects (n —• 0) are neglected, becomes wc = 4^pVi/nq'.
In the opposite case of sufficiently frequent collisions (Pfirsch-Schluter

regime), we limit ourselves to low plasma pressure. We assume H < Uo < 1.
Then, magnetic island growth takes place, with Uo < 0, i.e. when the mean
magnetic field line curvature is unfavourable (q < 1). The expression for the station-
ary island width has, in this case, the form wc = -8e2/3p(l — q~2)/Snq'.

It was assumed in the preceding analysis that the island width is small compared
with the characteristic scale-length of the ideal region, wc < 1/nq'. Hence, it
follows that, for perturbations with fixed n, island chains localized near adjacent
rational surfaces do not overlap. However, the resistive ballooning mode instability
results in the excitation of a set of harmonics with different n and, consequently, in
the formation of island chains with different n and m, which will overlap. As a result
of this overlapping procedure, the tokamak rational magnetic surfaces break. On the
assumption that there is no correlation between islands with different m, this heat
transport can be estimated to be given by x± a Xi(IVBo)2, where xi is the parallel
electron heat transport coefficient, Br the perturbed radial magnetic field and Bo the
equilibrium magnetic field. Using relationships (19) and (22), we conclude that, in
neoclassical regimes,

Xi = x»03p
2€2/qmS)2 (25)

We note that the anomalous transport model based on the ergodization of the
magnetic field due to overlapping magnetic islands has recently been developed in
Ref. [9].
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Abstract

A MULTIPLE SCALE APPROACH TO PLASMA RELAXATION, STABILITY AND
TRANSPORT.

In the suggested approach the three dominant timescales of ideal MHD, turbulent relaxation and
resistive diffusion and, as length scales, the thickness of a resistive layer and the plasma radius are
considered. The multiple scale ordering is applied to the transport equations of a single fluid plasma.
The zero order quantities are determined by the assumption that the plasma relaxes on the first two time-
scales towards stationary (static) states of minimum energy with fluctuations around them, described
by higher order quantities. The minimization of the total energy of the plasma is performed for the case
of static equilibria. The resulting finite-0 minimum energy equilibria are represented in a F-9-/8
diagram. Two small windows of stable operation are found, the tokamak and RFP windows, where the
predicted parameter ranges are well in agreement with the experimental ranges.

1. INTRODUCTION

To make progress in understanding and describing the MHD
behaviour of a tokamak or RFP plasma near reactor conditions, one must
be fully aware of the timescales involved and of the nature of the
phenomena occurring on each timescale. The fastest MHD timescale, which
for a fusion plasma is of the order 10"7 to 10~6 s, is the one related to ideal
MHD processes (instabilities), i.e. the time it takes a compressible Alfven
wave to traverse the minor radius. The slowest MHD timescale, which is of
the order 102 to 103 s, is defined by the time it takes the toroidal current
to penetrate the minor radius. This is the timescale on which transport and
diffusion processes take place. Relatively little is known about the
processes occurring on intermediate timescales, leading to phenomena like
plasma relaxation, profile consistency, and enhanced transport.

Anomalous transport processes, as well as plasma relaxation to
characteristic equilibrium states, are usually considered to be mainly due
to plasma turbulence and tearing mode activity, each mode being resonant
on some rational magnetic surface. As the dominant intermediate timescale

Work supported by Austrian Research Fund, Contract No. P 7005-PHY.
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we may therefore consider the tearing mode timescale, i.e., the one on
which resistive instabilities grow (of the order 10~4 to 10"3 s). The main
MHD activity of these modes is largely localized within a resistive layer,
where plasma turbulence leads to enhanced resistivity. The applicability of
this simple tearing mode model must, however, be questioned for two
reasons: first, the resistivity term is up to 8 orders of magnitude smaller
than other corrections to the ideal MHD Ohm's law, and, second, the
thickness of a resistive layer turns out to be much smaller than the ion
Larmor radius.

To separate the various processes occurring on the different
timescales, and to investigate the influence of a thin resistive layer, we
suggest the following multiple time and length scale formalism, where for
comparison the special case of multiple timescale ordering alone is also
included.

2. THE MULTIPLE SCALE FORMALISM

In the suggested approach we consider the three dominant timescales
T\ = r(ideal MHD),r2 = r(tearing mode), and T% = r(resistive diffusion),
with the ordering ri<r2«r3, and introduce the three dimensionless times ti
= t / n , where

^ f ^ (1)
A is the thickness of a resistive layer, assumed considerably larger than the
one arising from tearing mode theory, and A is the anomality factor of the
resistivity tj , i.e. A = 7?(turbulent)/?j(Spitzer). Furthermore, as the two
dominant length scales we consider U = A , and 12 = a, the plasma radius,
and introduce the dimensionless space variables xij = xs/lj.
For our combined time and length scale formalism (TL-case) we have la =
U, and for the case of timescale ordering alone (T—case), which is
simultaneously considered, we have la = b = &• As expansion parameters
we choose e = T\JT2 and 8= A/a. The third expansion parameter TX/TZ is,
for the TL-case, not independent, but given by e$/A, so that we obtain

+ # V = (V + ,5v2) (2)

For all physical quantities Q we choose a multiple scale representation of
the form

Q = 3(Qo + eQi + £Q2 + e2Qs + e£Q4 + ^Qs + e#Qe + ...)
where Q is a characteristic dimensional value of Q and Qi = Qi(ti, t2, t3;
xi1, x2j).

This multiple scale formalism is then applied to Maxwell's equations
and to the transport equations of the ion and electron fluid, which emerge
as velocity moments out of kinetic theory (e.g. [1—2]). To solve the
resulting (dimensionless) equations on all five scales and for all quantities
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Qi may, at first sight, appear practically unfeasible. However, on account
of the following basic assumptions the solution becomes for the first two
timescales at least for the zero and first order quantities even analytically
traceable:

1) The plasma relaxes on the first two timescales in the limit ti,2 -> oo
towards stationary or static equilibrium states, described by a
minimum of the zero order energy.

2) The fluctuations around these equilibrium states are described by a
harmonic time dependence of the higher order quantities.

3. APPLICATION TO A SINGLE FLUID PLASMA

The basic equations describing the time evolution of a magnetically
confined single fluid plasma are Maxwell's equations

V.fi = 0, V*g = / / 0 j , | f = - Vxfi (3)
Ohm's law in the form

and the transport equations for mass, internal energy (heat balance
equation), and momentum

(5.a)

(5.b)

(5.c)

For the heat flux vector q, the viscous stress tensor IL and the heat sources
Qj we take the standard form given by Braginskii in [1].

To this set of equations we then apply our multiple scale procedure,
where our ordering is based on a tokamak reference plasma with the
parameters n = 1020 m-3, T = 10 keV, B = 5 T, a = 1 m, A = 1 cm.

3.1. Results in leading order 1

In the leading order unity we obtain from Eqs. (3) to (5) the ideal
MHD equations in the quantities d/dti, Vi and Qo, however, along with the
additional requirements

Vi"Te0 = 0, Vi-Tio = 0, Qovis = 0, Vi-II = 0 (6)
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In deriving the ideal MHD equations from the transport equations, the
heat flux q, the viscous heating term <Qovis> and the stress tensor II are
usually neglected because of their assumed smallness. However, for our
tokamak reference plasma it follows from a dimensionless representation
that the factors associated with these 'correction' terms to the normalized
ideal MHD equations are much larger (up to 104) than unity.

This inconsistency may be explained by the fact that the transport
coefficients derived by Braginskii [l] only hold for the high-collisionality
assumption, i.e., for times large compared to the ion collision time n,
which, however, is of the order 10~2 s. The proper way would consist in
performing the multiple timescale ordering already within kinetic theory,
with different collision operators for different timescales.

Nevertheless, we may proceed with our timescale ordering also within
MHD if the additional constraints of Eq. (6) can be consistently satisfied,
so that the transport coefficients do not enter in the leading order. Indeed,
it turns out, that the conditions <3ovis = 0 and Vi-II = 0 are
self—consistently satisfied if vo is a solution of the stationary (static) ideal
MHD equations. Moreover, on account of the high mobility of the particles
along the magnetic field lines, no parallel temperature gradients can be
maintained under equilibrium conditions, so that the zero order
temperatures can be assumed to be flux functions.

In the limit T\ -> oo we obtain the stationary ideal MHD equations

VrBo = O, V l x { ( v 0 - ^ A ) x g 0 } = 0 (7)

Vi • (/>ovo) = 0, vo • VitpoPcT7) = 0 (8)

fi 6 M 0 = i/^g) (9)

(For the T-case we have n = ra, and Vi = V = ad/dx. ra = r-Alfven, fij
ion Larmor frequency, 7 adiabatic coefficient.) The Hall term in Ohm's law
can only be neglected for the T-case with (SUn)"1 = O(10'2), but not for
the TL-case where (ftm)'1 = 0(1).

The stationary ideal MHD equilibria described by Eqs. (7) to (9) are
thus the minimum energy states the plasma relaxes towards in the limit

00. In the case of cylindrical helical, or axial,symmetry, the set of Eqs.
) to (9) can be reduced to a single partial differential equation containing

our (in the static case,two) arbitrary flux functions, which remain to be
determined through the minimization of the plasma energy on the second
timescale.

(7)
fou

3.2. Results in order t1

The equations in order e1 contain, besides <9Qo/dt2; the primarily
sought—for time evolution of the zero order quantities on the second
timescale, as well as <9Qi/dti and combinations of Vi, Qo, and Qi
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quantities. On account of the limited space available, the rather lengthy
expressions cannot be presented here. For example, in the T-case we
obtain for Ohm's law, after time averaging over the first timescale>

(vo*fii)

along with £1 = - | ^ - V i $ i . (10)

From this equation it follows that on the intermediate timescale the
resistivity term is in the T-case of the order 72/7-3 = O(10"6). However, for
the TL-case it is of order unity, thus justifying the inclusion of the
resistivity term for strongly localized MHD processes.

According to our basic assumption, for t2 -» 00 the plasma relaxes
again to a state of minimum energy. Thus we have to minimize the zero
order energy, where the variations £Qo are constrained by the above
equations of e1. Moreover, due to the calculus of multiple timescale
ordering the results of the limit n -» 00, i.e., Eqs. (7) to (9j, have to be
added as variational constraints. The solution of this variational principle
yields the xii-dependence of the zero order quantities QoCtsjx^x^), and
one can continue in solving for the higher order fluctuation quantities Qi.

4. RESULTING MINIMUM ENERGY PRINCIPLE

The resulting energy principle on the second time-scale becomes
considerably simple for the static case (v0 = 0). The contribution of the
pressure and kinetic term in the energy integral is of the order /?. Thus, in
a first approximation, we may omit those Eqs. of 3.2 which constrain the
density, pressure and velocity variations, and keep only Ohm's law (10),
which constrains the variation of the zero order vector potential, together
with the static equilibrium equation.

For the helicity I<o = j Ao-Bodr it follows from Eq. (10) that in the
T-case 5Ko/dt2 = O(10"6), so that Ko is indeed an invariant of motion as
conjectured by Taylor [3]. However, for the TL-case Ko is only conserved
if one assumes that the turbulent resistivity has the same helical
dependence as the relaxation modes by which it is caused.

From the assumption that the relaxation is due to resonant modes it
follows that the toroidal voltage (or equivalently the total poloidal flux) is
an invariant of motion leading to an additional variational constraint.
Thus, we arrive at the following variational principle:

Wo= [{^BV + ^ J d r - ^ m i n . , Ko = [ Xo- So dr = const

P = /7VlPo - (Vixfio)xBo = 0, Uo = [ etor-Xo d r = const

(11)
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With the help of Lagrangian multipliers the cylindrically symmetric
solution of this variational principle is found to be

Br = 0, Btf = ^ B J i ( / « ) , Bz = B [J0(/ix) - C]

^ - c o n s t

The stability of this solution with respect to the relaxation modes is
ensured by the positive-definiteness of the second variation leading to the
criterion 0 < \i < 3.11 and n < 0.

5. THE RELAXED FINITE-/? EQUILIBRIA

As compared to Taylor's force-free equilibria [3], the finite-/?
minimum energy states described by Eq. (12) show the following
improvements:

a)
b)
)

They exhibit peaked pressure profiles.
) They allow for a vanishing toroidal current density at the wall.

c) In an F-0—0 diagram they predict two small windows of stable
equilibria, namely tokamak—like and RFP—like ones.

d) In the cylindrical approximation, they predict for tokamaks nearly
constant toroidal magnetic fields, either slightly paramagnetic or
slightly diamagnetic.

e) For the RFP-equilibria, reversal of the toroidal magnetic field occurs
at higher values of the pinch ratio 0 than in the force—free case, and
O(reversal) increases with /?.

f) The q—profile is hollow for the tokamak-like equilibria and peaked for
the RFP—like ones.

Our relaxed equilibrium states we have represented in an F—0—/3
diagram, where the attenuation F and the pinch ratio 0 are defined as the
toroidal and poloidal magnetic field at the boundary, both normalized with
respect to the averaged toroidal field. Only two small windows of stable
operation turn out to exist.

In Fig. 1 we have shown the tokamak window for qax-A = 4, where
A is the aspect ratio. The ratio of possible values of the safety factors
qwaii/qax is limited by the stability requirement with respect to relaxation
modes by 1 < qWaii/qax < 5, where a further limitation arises from the
ideal MHD requirement qwaii > 2. For the limitation of possible /^-values
we have applied the Troyon limit [4]. The predicted values of F, 0,
q / q a x , and /? are well in agreement with experimental ones.
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In Fig. 2 we have represented the RFP window for qax-A = 0.9,
which agrees well with the experimental parameters of current RFP's. The
possible /^-values are limited by the ideal MHD stability requirement
/?pOi < 50 %. Furthermore, the stable region is limited by the Robinson
criterion [5] with - 4 / 5 < 7 < - 4/9 (27 = P"P, P - pitch on axis), this
limitation being rather sensitive to the value of qax- A.
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Abstract

SECOND STABILITY REGIME: PARAMETERIZATION AND ACCESS.
The scaling of the second stability boundary as a function of central q, aspect ratio, and elongation

has been calculated numerically using 'optimized' pressure profiles and fit to an analytic model.
Completely stable routes from low to high beta have been identified using analytic pressure and q
profiles. A 1.5D transport code was used to model the transition to the second regime and provide esti-
mates of the required auxiliary heating power for a medium sized experiment, SRX. An analytic model
of the transition to the second regime using a ID diffusion equation is found to be in qualitative agree-
ment with the 1.5D transport simulation. Both show that power requirements are minimized in large
aspect ratio devices.

1. Introduction
In this paper we examine two important questions relating to the design

and operation of tokamaks in the high-beta, second stability regime: the scaling of
the second regime boundary for 'optimized' pressure profiles in terms of global
parameters, and an estimate of the auxiliary heating power required to reach the
second regime. We test the stability of these equilibria to high-n ballooning
modes, as well as low-re external and internal modes, as a function of <?-profile
and aspect ratio (A = Rja =. e -1). Of particular interest here is the role played by
aspect ratio in improved second regime access, since there are important
advantages for fusion reactor design at large aspect ratio. The numerical

Work supported by United States Department of Energy Grants DE-FGO2-86ER53222,
DE-FG02-86ER53236, and DE-FGO5-8OET53O88.
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examples used in this paper were carried out in support of the conceptual design
of a medium sized tokamak, the Second Regime Experiment (SRX) [1], to
explore the question of second regime access.

2. Second Regime Boundary Parameterization
A previous computational and experimental study of the first stability

regime beta limit identified a simple scaling law for this limit [2], and the (5, a)
model for high-n mode stability has been used to reproduce this first regime
scaling [3]. However, the large Shafranov shift ~ 0(1) and high beta ~ O(e)
associated with equilibria in the second stable regime necessitate a more complete
model of stability. It has been shown that both finite shift and elongation of the
flux surfaces profoundly influence the high-« mode stability of the plasma [4].
These effects and finite A alter the marginal stability (S, a) contour on each
equilibrium flux surface. A computational procedure is adopted which retains
these effects to provide an accurate calculation of the second regime beta
threshold. Equilibria with pressure profiles, p(\ff), that are marginally stable at the
second stability boundary on each flux surface are generated numerically by a
two-dimensional equilibrium code that iterates with a high-n ballooning solver.
This marginal stability constraint eliminates p(y/) as an independent variable in the
calculation producing 'optimized' profiles. These profiles yield equilibria that
have threshold p values, above which second stability to high-« ballooning
modes is attained. The parameters of the analysis are then reduced to the tokamak
geometry and the safety factor profile, q(y), specified as <?(V) =
to + (<7a " Qo> V0^* w n e r e V is the normalized poloidal flux, and qo, qa are
the axis and edge safety factors, respectively. Bothp(y/) and <?(y/) are restricted to
be monotonically increasing functions of yr. The primary response variables
considered are the basic plasma equilibrium figures of merit, fi and efip, whose
marginally stable second regime values are denoted by fa and (epp)2- The
ranges of the predictor variables are 1.5 < A < 15, 1.01 ^qo^ 2.0, 1.1 <qa<
12.1, 1.1 <aq< 4.0, and 0.5 < K< 2.5, where vis the plasma elongation.

Shown in Fig. la are the fa curves as a function of aspect ratio for qo =
1.01, 1.5, and 2.0. The trends shown are general; fa decreases with increasing
aspect ratio and increasing qo, except for high qo and low aspect ratio, where this
trend reverses. For sufficiently large q0, the unstable region vanishes for all A.
However, at very low A, the q0 required for complete stability is lower than at
large A. Increasing the elongation of the plasma for cases with no triangularity
increases the fa threshold at all aspect ratios and qo considered as shown in
Fig. lb. The fa decreases with increasing qa for all aspect ratios considered,
and decreasing aq also causes fa to decrease as shown in Fig. 2.

The fa f° r equilibria in which qa, aq, and A are varied can be compared
to a beta limit of the form /?(%) = C2(/(MA)/fl(m)50(T))£2 , where / is the
plasma current, a the minor radius, and Bo the toroidal vacuum field at the
geometric center, for fixed q0, as shown in Fig. 3. The functions C2 and £2 are
found to have a q dependence, and the linear scaling of (5 with IlaBo is obtained
for qo »1.25, in agreement with the Troyon-Sykes scaling for the first stability
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regime. This scaling does not reproduce the decrease in /% seen in Fig. 1 at low
A (high plasma current) and high qo. For qo =1.01 and (Xq-2.5, the coefficients
are C2 =17 and £2 = 1-3.

At large A, (e/Jp)2 is independent of aspect ratio, whereas finite aspect
ratio corrections cause (e/^j)2 to increase or decrease at low A, dependent on the
value of qo. For circular outer boundary equilibria, we find

l(£pp)2\2 + ft"? = Co(q)e + mo(q) (1)

where q* is the cylindrical q, and the functions Co(q) and mo(q) depend mainly
on qo. Forqo = 1.01, 1.5, and 2.0, Co(q) = 1.09, -0.66, and -0.92, and mo(q)
= 1.37, 1.28, and 1.17, respectively. This model is more reliable than iheI/aB0
scaling. Using Eq.(l), all data with A > 3 (110 equilibria) are reproduced within
an average absolute error of 10%, and all data with A S 2 are reproduced within
an error of 15%.

3. Routes to the Second Stability Regime
The study of optimized profiles described above clearly shows that

increasing the central q improves access to the second stability regime at all values
of the aspect ratio. It has been reported previously [5] that even with q0 ~ 1,
completely stable access paths exist in strongly indented ('bean shaped') plasmas.
We have found that stable access is possible in moderately 'dee-shaped' equilibria
(x:< 1.6) at both high (A > 8) and low (A < 3) aspect ratio using monotonic,
analytically prescribed (jr-profiles with central q0 > 1.5 and a close fitting
conducting shell for external mode control. The conducting shell must be closer
than 10% of the minor radius from the edge of the plasma in order to stabilize the
n = 1, 2, and 3 modes.

At very low aspect ratio, the required value of q0 for stability to high-n
modes can be somewhat smaller than that required at large aspect ratio. This is
seen in the second regime boundary scaling shown in Fig. 1 and is due in part to
the stabilizing effect of toroidicity [6,7].

At large aspect ratio, two routes to the second regime have been identified.
High-n ballooning modes are readily stabilized in equilibria with low global
shear. However, this in general leads to the destabilization of the low-n 'infernal'
modes [8] in regions with low global shear and a finite pressure gradient. Another
route uses higher global shear with moderate elongation. This route permits
stable access to the second regime against both ballooning and infernal modes.
With A = 8 and K= 1.6 this was achieved with q0 = 2.38 and qa = 6.35.

4. Transport Code Model of Second Regime Access
To gain some understanding of what heating power and current profile

control will be required to make access to the second regime possible, we have
modeled these access paths using the 1.5D transport code BALDUR [9] coupled
to a high-n stability code . The 1.5D transport code used neo-classical diffusion
plus an anomalous transport model developed by Tang [10] that produces global



IAEA-CN-50/D-IV-14 323

0)

CO

Se+6

4e+6

2e+6

0
6e+6

4e+6

2e+6

0
6e+6

4e+6-

2e+6-

Equilibrium p'

Equilibrium p'

/7^<
/ unstable

Equilibrium p'

\

T = 51.9ms
0 =0.83%

e(3p = 0.5569

q 0 = 1.38
qa = 3.22

T = 61.0 ms
P = 1.77%

epp = 0.9535

q 0 = 2.39
q a = 5.37

T = 66.9 ms
P .= 2.20%

ePp= 1.0042

q 0 = 2.44
qa = 6.40

0.0 0.2 0.4 0.6 0.8 1.0

FIG. 4. Evolution of the unstable region during transition from low to high beta in the I.5D transport
simulation.

energy confinement times comparable to Kaye-Goldston L-mode values. The
anomalous heat diffusion is driven by low frequency drift instabilities in this
model with the feature that the local thermal diffusion coefficients derived are
constrained to satisfy the empirical notion of 'profile consistency.'

In the model, as in a real experiment, control of the pressure and current
profiles is governed by transport equations. Since our control over the actual path
to the second regime is limited, regions of ballooning instability may be
encountered. Every few time steps the code checks the evolving equilibrium for
high-n stability. We model the failure to completely stabilize high-n ballooning
modes by locally increasing the transport on those flux surfaces found to be
unstable [11]. The local value of the transport coefficient is increased by a large
factor (limited to about the local Bohm value) on these unstable surfaces. If the
unstable region is extensive enough or the heating power is insufficient, this will
be a barrier to a successful transition to the second regime.

Programming of the <?-profile was accomplished by the use of off-axis
neutral beam current drive for both circular and dee-shaped equilibria in the SRX
conceptual design configuration with R = 1.5 m and Bj = 1 T. Transition to the
second regime occurs when the ballooning unstable region is sufficiently reduced
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in size by the mechanism of increased central q, allowing the outermost flux
surfaces to stabilize in the second region and thermally isolating the remaining
unstable surfaces from the plasma edge as shown for the sequence in Fig. 4.
This edge region plays a critical role in achieving second stability and suggests
that effects such as H-mode (which were not modeled in these studies) may be
very important in experiments trying to achieve second stability. The modeled
neutral beam current drive increases q0 above 2, thereby reducing the unstable
region sufficiently to allow global access to the second regime with Paux < 3 MW
at large A, as shown in Table I. Typically, about 30 kA of current was driven by
the beams which was as much as 50% of the plasma current in the larger aspect
ratios studied.

Table I. Minimum Power for Second Regime Access with R =1.5 m; B T = 1 T
A

9.0
9.0
7.5
6.0
5.0
4.0

P (MW)
2.6
2.0
3.4
4.3
6.5

15.0

/?(%)
2.12
1.45
2.63
2.43
3.21
5.93

eft,
0.89
1.03
0.87
0.81
0.90
1.14

Qo
1.91
2.87
1.92
1.76
1.29
1.25

qa
4.2
7.6
4.2
4.3
4.3
5.2

K

1
1.5
1
1
1
1

5. Analytic Model of Second Regime Access
Dynamic transition to the second stability regime has been studied [12]

analytically using a simpler transport equation, written (for equal temperatures,
constant density, and large aspect ratio) as follows:

Here p(r,t) is the plasma pressure, % is the thermal diffusivity, and H is the
normalized heating density which is related to the auxiliary heating power by
PauxtMW) = 1-5 H [a(m)P [fl(T)]2/ [qa

2 TE(sec)]. Assume % = Xo is constant in
the ballooning-stable regime and % is enhanced in the unstable regime in the
following manner:

X(oc,S) = Xo {1 + d [a - aj(S)] [an(S) - a]) (3)

Here a = -Qj.oRq2/B2) (dpldr) is the pressure gradient parameter, 5 the shear,
and the constant d controls the degree of transport enhancement due to the
instability. We have adopted a generic stability boundary given by:

Sm
2 (4)

where CC/JJ(S) specify the first and second marginal stability boundaries,
respectively, parameterized by the constants b, c, and Sm. An ad hoc biharmonic
term, with small coefficient X, has been added to Eq.(2) in order to overcome the
negative diffusion introduced by the anomalous diffusion; i.e., the effective
diffusivity Xeff~X + (dxldoi)a is negative near the second stability boundary
where x decreases with increasing pressure gradient.
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Eq.(2) was integrated as an initial value problem with the boundary
conditions idpldr) = 0 and (cPp/dfi) = 0 at the magnetic axis (r = 0) andp = 0 and
{d^pldr2-) = 0 at the plasma edge (r = a). The safety factor was assumed fixed in
time and taken to have the form q(r) = 1 + 2(r/<2)2. By varying the applied power,
one finds the critical value for H below which access to the second stability
regime is impossible. For the parameters of Sm = 0.8, b = 0.8 = 2c and X =
1.25 x 10'3 %max> the threshold is approximately given by Hcrn ~ 5^Xmax> where
Xmax is the ratio of the maximum value of transport enhancement to %o-

The problem of access to the second stability regime can also be
analytically recast into the form of a steady-state nonlinear laminar shock-like
solution near the edge of the plasma, with the use of a Sagdeev-type of potential
equation. The steady-state is no longer possible when

• JH > Hcrit = A / 8 J y [X(y) - 1] dy (5)

This condition defines the critical access power. In terms of the above
parameters, it yields Hcrit = 22Mxmax-> the same scaling as the numerical result
but with a coefficient that is approximately one-half of the one obtained
numerically. This discrepancy in the coefficient can be resolved by a more
sophisticated theory that solves for the steady-state solution in the unstable region
by means of a boundary layer analysis. For the parameters above, this analysis
gives Hcrit = b^Xmax, which agrees with the numerical result, and in the limit A—»
0, it gives Hcrit = 2.%Mxmax> in agreement with the edge solution of Eq.(5).

Finally, we note that the power requirements for access to the second
stability regime tend to favor small machines with large aspect ratio. For
example, with Kaye-Goldston L-mode scaling, the threshold power scales as

Paux ~ tf238S1-40 <?<f119 OVfl)"1-04 VO-68 (6)

for a tokamak with fixed volume V ~ liftcfiR. The power estimates from Eq.(6)
are in rough agreement with the 3 MW obtained from the transport simulation of
SRX in Table I. The detailed scaling is not reproduced since the analytic model
does not include the effects of a changing ^-profile and consequent change in the
region of instability ceiji(S).

6. Discussion
We have found that stable access to the second regime against all ideal

modes can be obtained in a large aspect ratio (A = 8), dee-shaped (K = 1.6)
equilibrium with a close fitting conducting shell and elevated central q0 = 2.38. If
this can be achieved experimentally, it could lead to an improved fusion reactor
configuration with lower toroidal plasma current and lower toroidal field at the
coils or smaller size [13,14]. The key to achieving these states appears to be the
capability to increase the central q0 value in a tokamak to a level greater than 1.5
during the transition to the second regime. A medium sized experiment called
SRX with R = 1.5 m and Bj = 1 T has been modeled which could reach the
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second regime with 3 MW of tangentially injected neutral beams to both heat and
drive current for the required ^-profile control. In a second regime reactor
design, some form of RF current drive for ^-profile control would be required.
However, as shown in Fig. 1, in a large aspect ratio configuration (unlike small
aspect ratio tokamaks) the ^-profile control need only be maintained during the
transition to the second regime. Once the second regime is attained, the current
drive could be reduced or eliminated and q0 allowed to return to a value near 1.
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Abstract

ENERGY AND PARTICLE TRANSPORT ACROSS A SEPARATRIX IN DIVERTED
TOKAMAKS.

Transport across a separatrix is shown to be significantly modified by poloidal gradients, which
result from the flow of particles and heat along field lines toward the divertor region. The theory predicts
an inward contribution to the particle flux, and a corresponding inward contribution to the convective
energy flux, when the ion grad-B drift is toward the x-point, in a single-null configuration. This is due
to a classical thermoelectric potential which exists near the separatrix when heat is conducted classically
along magnetic field lines toward the x-point region. The magnetic surface-averaged classical (diamag-
netic and ExB) radial particle flux is inward, when the x-point is correctly located. Estimates of the
size of this particle flux indicate that it may be contributing significantly to the H-mode density rise just
inside the separatrix in DIH-D. Estimates of the effect on the energy flux give values for the ratio of
H-mode power thresholds, with two different grad-B drift directions, which agree approximately with
the experimental results.

1. I N T R O D U C T I O N

The theory of collisional ion transport near a separatrix [1,2] has
been extended to include both ions and electrons. In addition to the ion
heat flux considered earlier, it has been found that plasma convection
can also contribute to the power threshold for the H-mode, with the
same sign as the ion heat flux. The transition from the L-mode, with
moderate edge gradients, to the H-mode, with large edge gradients, is
assumed to take place when the edge temperature gradient reaches a
threshold value, which requires a threshold amount of power crossing
the separatrix. The large edge gradient may be stabilizing the turbulent
modes through finite Lannor radius effects or indirectly by reducing
the gradients further into the plasma. The classical transport effects
change the amount of power needed to achieve the threshold gradient
by improving or deteriorating the edge energy confinement, depending
on the direction of the grad-B drift.
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FIG. 1. Classical radial plasma flux (Tcl), in the case with the ion grad-B drift toward the x-point.

Shown also is the anomalous energy flux, QA.

This occurs in the following way. The flow of heat along the open
field lines to the divertor region necessitates a poloidal temperature gra-
dient (see Fig. 1). This gradient is larger on the outboard side because
the turbulence in the L—mode is concentrated near the outboard mid-
plane. From the relations between parallel current density, heat flux
density, electron temperature gradient, and electric field, an electric
field must accompany the heat flux. Because of axisymmetry, the elec-
trostatic field must be in the poloidal direction. The magnetic surface-
averaged ExB convection is inward if the ion grad-B drift is toward the
x-point, and this leads to improved particle and energy confinement.

This can account for the experimentally observed [3,4] dependence
of the H—mode power threshold on the ion grad-B drift direction. After
the transition, the effect should become weaker, partially because the
energy flow to the divertor decreases, and because the poloidal asymme-
try of the heat outflux also decreases. The classical plasma convection
can also help explain the steep edge density gradients in DIII-D H-mode
plasmas [5].
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2. ENERGY AND PARTICLE FLUX CONTINUITY
IN THE SCRAPEOFF LAYER

Energy and plasma flux continuity, in the scrapeoff layer of thick-
ness A, will be used to determine the radial transport self-consistently.
The width A of the scrapeoff layer is taken to be the electron tem-
perature gradient length Te/\dT<.fdr\ evaluated at the separatrix. For
simplicity, we take the electron and ion temperatures to be equal. We
assume that all of the heat and plasma flows which enter the scrapeoff
layer from across the separatrix are transported to the divertor.

The radial component of the particle flux is given by F r =
where the classical flux is

_
e 89

Using axisymmetry and the transport relation

V,,pe - ™eeVM$ = —- (/iiiiM/e + /Xi2gel,/Te) (1)

(where fin = 0.66, /Z12 = 0.22 for Zeff = 1), this becomes

rcl c 9 n« ( M n i i | / e + M l 2 W r e )
CD C Tf\

where q = eB^/Bg, e = a/R. The total radial energy flux is given by

Taking factors of Te, B, and ne outside the poloidal averages, we have

Xeii

where

_ cTe _ Terei

eB MTn

a = (= 0.7 for Zeff - 1)
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Plasma flux continuity in the scrapeoff layer is expressed as

(27ri2) Lp <rr) - - (2TTR) A ^ To

and energy continuity as

(2nR)Lp{Qr) = - (2irR)t

where Lp is the poloidal circumference at the separatrix, Fo is the par-
ticle flux to the plates, and the heat fluxes to the inboard (q-m) and
outboard (gOut) divertor plates have been written as

gin = go — (gen)

= go + <ge,,>

We eliminate (geu), qo, a^d To to obtain

(Qr) = <C?̂ > - X ( ^ ) (2)

(3)

where (<^> = (QA) - 5Te ( I ? ) , and

f = W e") _ gout — gin

go gout + gin

Equations (2) and (3) give the modification of the radial fluxes due to
the classical transport effects, contained in the factor x. They can also
be solved for the anomalous fluxes in terms of the total fluxes.

Since the safety factor q is infinite at the separatrix, we define it
here as the path length along open field h'nes from one divertor plate to
the other, divided by 2irR. From MHD equilibrium code calculations
for DIII-D, we find q ~ 10, about one centimeter outside the sepa-
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ratrix. The aspect ratio is e = 0.4, and the plasma circumference is
Lp — 560 cm. The temperature gradient at the separatrix, averaged
for a number of H—mode documentation shots [6] (a series of nearly
identical H-mode shots), was

^ =105eV/cm
dr

in H—mode. The electron temperature and density at the separatrix
were Te = 50 eV, ne = 1013 cm"3 for both L-mode and H-mode, the
toroidal magnetic field was B = 2.1 T and B^/B ~ 1. During the
L-mode gOut/<fin = 3 so the asymmetry factor is / = 0.5. Using Z^ = 1
and taking 6j = 0 (neglecting the parallel current density term) we find

As we shall show, the classical terms are large enough to be playing a
significant role in the transition to H-mode.

3. POWER THRESHOLD RATIO

The power thresholds for the two different signs of B^/B, i.e., the
favorable and unfavorable ion grad-B drift directions, are

so that

- P f _ • . <grA)

+ Pf | x | <QA)

In order to calculate the power threshold ratio for DIII-D we need
to know the anomalous fluxes. These can be inferred from the infor-
mation obtained on one of the H-mode documentation shots [6], shot
#56488. The total energy flux to the divertor chamber during H-mode
was

" 2 sec"1(QT) = 9.1 X 106 erg cm"2 sec

1 erg = 1.00 x 10"7J.
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The plasma flux can be calculated from the conservation equation

r)_r +r - j ^ T t

in which the source terms represent the neutral ionization inside the
separatrix,

TN = 11.0 X 1015 cm"2 sec"1

and the neutral beam fueling,

= 1.5 x 1015 cm"2 sec"1

The density rise during H—mode is

Vol dn 15 ___-2 - 1
Area dt = 5.5 x 10I& cm" ' sec

and so the plasma flux is (Fr) = 7.0 X 1015 cm"2 sec"1. The anomalous
fluxes may then be determined:

f ) = 19.6 X 1015 cm"2 sec "*

(Q?) = 14.1 x 106 erg cm"2 sec"1

Note that the inward classical flux of (Tf) = - 12.6 X 1015 cm"2 sec"1

is a significant contribution to the H—mode density rise.

The power threshold ratio may then be obtained from

-5- =0.36

or Puf/Pf = 2.1. This ratio has been recently measured on DIII-D [7]
to be about 2.2. This good agreement is somewhat fortuitous, since
there are considerable uncertainties in both the theoretical calculation
and the experimental measurements. Nevertheless, this indicates that
the classical effects we have discussed may be playing a significant role
in the L-mode to H-mode transition, in DIII-D.
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4. DISCUSSION

The current in the scrapeoff layer is probably not zero in the
DIII-D H-mode experiments, as we have assumed above; preliminary
reports [8] of current measurements on JET give a nonzero current.
The above results for the power threshold in Dili—D would need to be
modified somewhat if this current were known. With the effect of the
scrapeoff layer current included, the theory predicts that controlling
this current by divertor plate biasing would make it possible to lower
the H-mode power threshold or control the density rise. Also, it might
be useful to make the unfavorable grad-B direction favorable, so that it
would be favorable for both energy confinement and impurity exhaust.
This requires 8j = —2, so that the sign of x is reversed.
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Abstract

RECENT EXPERIMENTS ON HELIOTRON E.
The transport at r = a/2 of ECH plasmas of Heliotron E can be explained by the neoclassical

theory, and the global behaviour of the radial electric field (Er = (-100) to ( + 100)) V-crrT1 at
r/a = 0.7-0.8) deduced from the poloidal rotation measurements is also consistent with the neoclassical
calculation. In spite of these facts, global confinement is governed by anomalous transport at the
boundary region. The power and density dependence of the anomaly seems to be common to all heating
methods: ECH, NBI and ICRF. The experimentally observed plasma distribution in the intrinsic diver-
tor field region is well described by the field line analysis; the particle/heat flux is high on the field lines
which have stayed around the main plasma for long periods. The peak position of the particle/heat flux
profile in the divertor region remains roughly unchanged by the change of the plasma parameters and
the vertical field strength. The nature of the divertor field structure is found to be favourable to the heli-
cal divertor concept. The plasma behaviour in the divertor region is analysed by using a 1-D model.
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1. INTRODUCTION

The confinement of Heliotron E plasma [1] has been studied systematically in
various plasma regions: (a) the core region (r < a/2), (b) the outer plasma region
(a/2 < r < a), and (c) the outside of the outermost plasma (r > a).

The confinement in the core region is relatively easy to study because here
atomic effects are less important and more accurate measurements exist. The colli-
sionality at r = a/2 for different heating methods (ECH, NBI and ICRF) is shown
in Fig. 1. Since Heliotron E has a rather high helical ripple (eh ~ 0.07 at r = a/2),
the collisionality spreads widely from the MHD region to the helical ripple trapped
particle region. In the core region, ECH plasmas are analysed effectively because the
power deposition profile can be estimated from the energy decay time after turning
off the RF power. In Section 2, the confinement properties are described. Despite
the importance of region (a), the confinement properties of the global plasma are
governed by the outer plasma region (b), because of its large volume. In Section 3,
global confinement is described.

The particle and heat flux in region (c) from the main plasma should be studied
to enable control of the plasma behaviour. The study of boundary plasma structure
and plasma-wall interactions is described in Section 4. The fundamental results of
the boundary plasma measurements are reported and show that the plasma in the
boundary region is localized within a restricted region [2, 3]. Detailed comparisons
between the structure of the boundary plasma and the field structure are discussed.
Preliminary results of divertor plasma simulations are also described.

0.1 -

0.05 0.1 0.5 1.0
ne(a/2)(1014cm"3)

FIG. I. Collisionality at r = a/2 for ECH, NBI and ICRF plasmas.
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2. TRANSPORT IN THE CORE REGION

As is shown in Fig. 1, the collisionality of ECH plasmas at r = a/2 lies in the
low collisional ripple trapped particle regime. In this case, the electron thermal trans-
port can be explained by the neoclassical theory as is shown in Fig. 2, where qe

exp

and qe
ne0 denote the electron heat flux determined experimentally and its calculated

value based on the neoclassical theory neglecting the radial electric field. The colli-
sionality v" is defined by Qnvlel'1) 27rR0/mVtll, where v, m, V ,̂ denote the electron
collision frequency, the helical pitch number (19 for Heliotron E), and the electron
thermal velocity, respectively. The case of NBI plasmas is also shown in the figure.
While the ratio q|xp/qe

neo for ECH is within a factor of 3, the value for NBI ranges
from 10 to 100. The fact that the ratio decreases to less than one in the low collisional
regime for ECH plasmas may be attributed to the radial electric field. The radial elec-
tric field at r = a/2 has not yet been measured, but the field at r/a = 0.7-0.8 is
deduced from the poloidal rotation velocity (Er = Vp x Bo), which is obtained
from the Doppler shift of the carbon impurity line (C V: X = 227.1 nm) [4, 5]. The
observed Vp and the deduced Er are plotted in Fig. 3 as functions of n<,. In all
plasmas, ions and electrons at the periphery are in the \lv regime. In ECRH
plasmas [6], it was found that the plasma rotated in the ion diamagnetic direction for
low fie and high Te, but came to rotate in the electron diamagnetic direction with
increasing n,. and decreasing Te. It was observed at ft\. « 1.1 x 1013 cm"3 that Vp

= - (2+1) x 105 cm-s"'(electron diamagnetic direction) at Te(0) « 800 eV and

icr

FIG. 2. Experimental electron heat flux qy divided by neoclassical value q"'° without electric field
versus collisionality v"(= Qvvk{n)2^ Rc/mVJ for ECH and NBI plasmas at r = a/2.
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FIG. 3. Observed poloidal rotation velocity Vp and deduced radial electric field E, as junctions of line

averaged density ne for ECH, NBI and ICRF plasmas.

changed to +(5±1) x 105 cm-s"1 (ion diamagnetic direction) for Te(0) >
1000 eV. In ICRF plasmas [7] the rotation was measured in two heating schemes:
(a) slow wave heating (fie = 0.5 X 1013 cm"3, H2 plasma), and (b) fast wave heat-
ing (0.6 < Me < 2.5 x 1013 cm"3, D/H plasma). In slow wave heating, it was
observed that the plasma rotated in the ion diamagnetic direction. In fast wave
heating, the plasma rotated in the electron diamagnetic direction for n,, >
1.5 x 1013cm"3. In NBI plasmas [8], the rotation was always in the electron
diamagnetic direction. The magnetic field dependence of Vp was found to be weak.
This result suggests that E"p was doubled when Bo increased from 0.94 to 1.9 T.
When the direction of B is reversed, the direction of the rotation is also reversed.
From an analysis of the C4+ profile based on a one-dimensional impurity transport
code [9] and the observed chordal intensity distribution, the diamagnetic drift veloc-
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FIG. 4. Impurity decay time obtained from temporal change of soft X-ray intensity due to injected sili-
con versus radial electric field deduced from poloidal rotation measurements. The gross confinement
time T£ of the bulk plasma is also shown. The line averaged density is fixed at ne = / X 1013 cm'3,
while the ECH power is varied to change the electric field.

ity is estimated to be less than 1 X 105 cm-s"1; it is neglected here. The observed
parameter dependence of Vp(oc Er

exp) is compared with Er
cal, which is calculated

from the ambipolarity condition of F"a = P™ by using the expression for the local
flux r"a in the ripple transport [10]. In numerical calculations, typical profiles are
used. The value of Er

cal at r/a = 0.7-0.8 agrees with Er
e*p within a factor of two for

a negative field and within a factor of two to five for a positive field.
A drastic change in the impurity behaviour was also observed in ECH plasmas:

the impurity decay time deduced from soft X-ray emission due to injected silicon
seems to depend strongly on the radial electric field as is shown in Fig. 4, where the
line averaged density is fixed at fie «= 1 x 1013 cm"3 and the ECH power is changed
from 150 kW to 620 kW. The gross confinement time, rg, of the bulk plasma is
also shown. The decrease of T% in the positive electric field direction in this figure
is due to high power input, indicating 'power degradation' because high power is
needed for a positive potential at fixed density. The degree of change in the impurity
decay time is, however, larger than that of T°. Thus, the positive radial electric
field seems to suppress impurity confinement effectively. This is important for impu-
rity control.

With regard to transport analysis, the response of the electron temperature pro-
file to an external change of the heating power deposition profile is often discussed,
in the case of tokamaks, in terms of 'profile consistency'. For Heliotron E, the power
deposition profile of ECH is changed by changing the position of the resonance layer
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with varying magnetic field strength. The electron temperature and density profiles
are shown in Fig. 5(a), where the line averaged density and the ECH power are fixed
at Re « 1 x 1013 cm'3 and PECH = 620 kW, respectively. When the resonance layer
is moved from on-axis to off-axis, the electron temperature profile is changed from
peaked to broad as is also observed in Wendelstein VII-A [11]. The density profile
is, however, drastically changed from hollow to broad as is shown in the figure, in
contrast to the case of Wendelstein VII-A. The other type of change in the electron
temperature profile is also observed by changing the total ECH power at n<. «
1 x 1013 cm"3 and Bo = 1.9 T as is shown in Fig. 5(b). As the power is higher, the
profile is flatter, presumably because of the change in the power deposition profile.
Although there seems to exist freedom of choice for the electron temperature profile
by changing the power deposition profile, it should be noted that the electron temper-
ature profile seems to be necessarily connected with the density profile because a
peaked temperature profile is usually observed in case of a flat or a hollow density
profile, and vice versa, for both ECH and NBI plasmas.
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3. GLOBAL CONFINEMENT PROPERTIES

Although the ECH core plasma may be explained by neoclassical theory, the
whole plasma is governed by anomalous transport dominating in the boundary
region. The scaling of the global energy confinement time for NBI, ECH and ICRF
plasmas is shown in Fig. 6, where the power and density scaling used is based on
the data for NBI plasmas: r^ms) = 16 P(MW)064 n^lO14 cm"3)054 [6]. It should
be noted that the method of estimating the absorbed power is different: for ECH, the
absorbed power is deduced from a measurement of the decay time of the plasma
energy after turning off the RF power. For NBI, it is estimated by a Monte Carlo
method. For ICRF, the absorbed power is simply assumed to be 60% of the irradiated
power from the antenna. As is seen in Fig. 6, the global confinement is independent
of the heating methods, within the above assumptions. The absolute confinement
times are less than the values predicted by neoclassical theory. From the viewpoint
of power and density dependence, this anomaly seems to be common to all three heat-
ing methods: ECH, NBI and ICRF, although the contents of the power balance for
electrons and ions are different. It is also remarkable that the overall scaling can be
fitted in spite of the wide range of collisionality as shown in Fig. 1. It is not yet clear
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FIG. 6. Scaling of global energy confinement time for ECH, NBI and ICKF plasmas. B = 1.9 T.

whether such a 'common' anomaly of the global plasma confinement is due to a
microinstability or due to the magnetic field configuration (magnetic island, magnetic
stochasticity, etc.) or even due to the small minor radius (dominant atomic processes,
impurities, etc.).

4. EDGE PLASMA STUDIES

4.1. Surface modification for impurity control

To minimize metallic impurities, we have tried to cover the wall surface by
low-Z material, using two different methods [2, 12-14]. One was carbonization by
a DC glow discharge of a CH4/(H2 or He) gas mixture at room temperature. The
whole surface was covered by a carbon film. The metallic impurities were reduced
by a factor of 10 to 30 for NBI plasmas. The other method was covering by bulk
graphite titles. Only the limited area including the divertor trace was covered (20%
of the whole surface of the vacuum chamber wall). In this case, the metallic impuri-
ties were not reduced. Therefore, the candidates for a metallic impurity source are:
(1) sputtering from the non-covered metallic surface by charge exchange particles
and (2) sputtering from the carbon surface where metallic impurities were deposited
by conditioning glow discharges and/or main discharges. In both methods, helium
discharges were effective in controlling hydrogen recycling from the carbon surface.

4.2. Plasma profiles and field structure in the divertor region

A field line analysis is necessary to yield information on the structure of the
intrinsic helical divertor. The result for the edge region of Heliotron E has shown
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FIG. 7. Variation of puncture plot pattern when the shorter excursion lines are eliminated. Pitch length
is adopted as reference, (a) L > 0 and (b) L > 3.

that the divertor field configuration with a certain width of the scrape-off layer, was
formed in the vicinity of and outside the outermost magnetic surface [2, 15]. The
plasma having diffused from the confinement region flows along the field lines in the
divertor region. Puncture plots of the lines in some poloidal cross-section show a
whisker-like fine structure. Figure 7 shows the variation of the puncture plot patterns
when we gradually eliminate the plots of the field lines with shorter excursions in the
toroidal direction. It is also found that this pattern is not changed by a change in the
start positions of field line tracing. It is, however, essential to investigate the relation-
ship between field configuration and plasma profile in the divertor field region.

The plasma density and heat flux distributions in the vicinity of the wall surface
and in the divertor field region have been measured by several sets of Langmuir
probe and calorimeter arrays. A typical example for the results is shown in Fig. 8.
The plasma distribution shown in Fig. 8(a) corresponds to the 'fish mouth' (inside)
and in Fig. 8(b) to the 'fish tail' (outside) of the pattern. It is clearly seen that both
the ion saturation current and the heat flux are sharply localized in a specific region.
The shape and the position of the distribution do not change when the bulk plasma
density or the input heating power is changed. The total heat flux in the divertor field
region estimated from these measurements is roughly balanced with (Pin (input
power) - Pbo] (bolometric power)).

We have compared the puncture plots of the field lines with the measured
plasma profiles at the corresponding poloidal cross-section and found that the plasma
distribution agreed well with the plots of the field lines which stayed for many periods
turning around the main plasma before it reached the wall. A detailed comparison
between the experimental results of the plasma profile and the field pattern is made
in Fig. 9. The positions of the peak and the half maximum are shown. The ratio of
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FIG. 8. Ion saturation current (Is, 9) and heat flux (Q, L) distribution measured (a) by the inside
probe array, and (b) by the outside movable probe array. The distance Xa = 0 mm corresponds to the
closest position from the wall (see Fig. 9). PNB, = 1.1 MW, PecH = 200 kW, ne ~ 2.0 x 10l} cm'3.

the vertical field strength and the toroidal field strength produced by the helical coil
at the minor axis, /3* = Bv/B0, is different for Figs 9(a) and (b). The axis of the
magnetic flux surface is nearly located at the minor axis when /?* = —0.1873 and
it is, at about 3.5 cm, shifted outward for /3* = -0.173. The puncture plot of the
field lines with L > 2 pitches is also plotted. The agreement between the field pattern
and the plasma distribution is clearly visible in this figure. The plasma distribution
is also measured by a Langmuir probe along the longer minor axis of the flux surface
in the vertical direction. The density peak appears at the position expected from the
field analysis. These observations are consistent with previous results [2, 3].

An asymmetry of the peak value is observed between upside and downside
probes. This asymmetry may be explained by the gradient B drift of the ions. It is
also observed that the flux at the inside wall is larger in the low than in the high field
case. Field structure analysis can only predict the position where there, is plasma.
Therefore, the amount of particle and heat flux along the divertor field lines should
be determined from the diffusion process in the vicinity of the outermost magnetic
surface where the field line becomes nearly stochastic. The diffusion process in the
stochastic field region is one of the important problems to be solved in the future since



1AEA-CN-50/C-I-1 347

15 15

Q
Is

0

pa
C7
P7

C
P
C

' '!; '•£?•:.,

i"."'

sV'i"

S —
6 —
5 . r-

; ' / ! .

i

' \ •

i • .

*.^

- .

)

i PS
L- C»

— c:
— P2

C!
At

25

20

' 0

20
-

— —

M
M

/ =

—
- 2 0

' • • > •

\

ill

1

r=• • c

V =

30 35

X (cm)

40

( b )

X (cm) SO X (cm)
50

FIG. 9. Comparison of plasma profile and field pattern, (a) 0* = -0.1873, (b) &' = -0.173. •
denotes peak of ion saturation current and • is heat flux peak. The broken line denotes the position
of the half-maximum. The lower figures show the puncture plots at the corresponding cross-section.

Their expanded drawings are shown in the upper figures. Pl(Cl) (I = 1, 2 ) and — denote
movable Langmuir probe (calorimeter) and its mobility span, respectively.

this diffusion process may affect bulk plasma confinement through effects on bound-
ary conditions.

The results imply that the field configuration is essentially similar to that in
tokamaks with divertor coils, from the divertor standpoint. The existence of the
'fixed pattern* of the field is favourable to the helical divertor concept, in future
helical devices.

4.3. Plasma behaviour in the divertor region

The plasma behaviour in the divertor region is analysed by using a one dimen-
sional fluid model coupled with the DEGAS code [16] to calculate the source terms.
The geometry of the model is chosen so as to represent the divertor region of Helio-
tron E. Toroidal symmetry is, however, assumed since it is difficult to carry out cal-
culations in full 3-D helical geometry.
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The plasma parameters in the divertor region obtained by the calculation
agree roughly with the experimental values (rie « (1-10) x 1011 cm"3 and
Te ~ 10-30 eV near the wall), but no divertor action such as density increase
appears because the connection length of the field line from the entrance slit to the
target plate is short (LB ~ 0.5-1 m) and the ionization rate is not sufficient in the
thin divertor plasma layer. It is found that the ionization rate is slightly enhanced and
the plasma parameters are changed by a factor of 1.5 if a baffle plate is installed. An
experimental study of baffle effects is now under way.
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Abstract

INITIAL EXPERIMENTAL RESULTS FROM THE ATF TORSATRON.
Results obtained in the initial operating period of the ATF torsatron are reported. Detailed flux

surface measurements show large islands in the vacuum magnetic fields. The cause and a means of
correction have been identified. There is evidence of narrow temperature profiles and sensitivity to the
magnetic configuration, which may reflect serious degradation of confinement in the outer regions of
the plasma due to the observed island structure. Essentially currentless plasmas have been produced,
using second harmonic electron cyclotron heating, with global properties (T^ « 800 eV,
ne = 8 x 1018 m~3) suitable for neutral beam injection. With 1.5 MW of neutral beam power, stored
energies up to 7 kj have been measured, corresponding to a central /3 a 2%. Throughout the beam
heating phase, impurity radiation rises, and the plasma undergoes thermal collapse before the end of
the beam pulse. The performance during beam injection is significantly improved by using partial chro-
mium gettering of the vacuum vessel.
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1. INTRODUCTION

The Advanced Toroidal Facility (ATF) [1] is an I = 2, 12-field-period torsatron
with a major radius Ro = 2.1 m, an average plasma radius a = 0.27 m, and a mean
field on axis BQ < 2 T. Operation and commissioning began in January 1988. This
paper reports on the results obtained in this initial operating period. The objectives
were to commission the facility and define its base characteristics, particularly the
magnetic field structure; to establish the fundamental operating characteristics for
plasmas with electron cyclotron heating (ECH) and neutral beam heating; and to
explore the sensitivity of the plasma performance to various operating parameters.

The standard magnetic configuration of ATF, optimized with respect lo-MHD
stability and certain transport criteria [1], has moderate shear and rotational
transform (0.3 < -e < 1). Three independent sets of vertical field (VF) coils provide
the means to vary the configuration significantly about the standard case. The
maximum pulse length at full field (2 T) is limited to 5 s, but at Bo = 1 T the
potential for steady-state operation exists. The plasma data reported here were all
taken at B$ — 0.95 T, with a full-field pulse length of approximately 2.5 s.

The ECH system [2] consists of one 53.2 GHz, 200 kW, cw gyrotron coupled to
ATF by a quasi-optical evacuated waveguide (diameter 6.35 cm) operating in the
TEJpj or TEQ2 mode. A simple open waveguide low-field launch is used, with the
launch point 1.2 m above the midplane, producing a broad (5° or 11° half-angle)
radiation pattern. The system provides fundamental heating at Bo = 1.9 T and
second harmonic heating at Bo = 0.95 T.

Two neutral beam injectors [3] are now installed, aligned for tangential injection
in opposing directions (one co-, the other counter-injecting relative to the helical
coil current). Each beam can inject up to 1 MW into the torus at energies up to
40 keV, with a pulse length < 0.3 s.

2. RESULTS

2.1 Field mapping

An electron beam/fluorescent screen technique [4,5] was used to measure
flux surfaces for a variety of ATF magnetic configurations at steady-state fields
up to Bo = 0.1 T. Approximately 30 rational surfaces could be identified and
measured, leading to an experimentally determined rotational transform profile in
good agreement with calculations. The measurements (Fig. lb,c,d) also showed
the presence of islands, the largest of which, at the * = 1/2 surface, had a width
of 6 cm. The major source of the field perturbations that cause these islands has
been identified as the configuration of the four current leads for the helical field
(HF) coils, with a smaller contribution from one set of VF coil leads. Figure la
shows the calculated islands at the -t = 1/3, 1/2, and 2/3 surfaces with these effects
taken into account. The calculations are in good agreement with the experimentally
determined island widths and poloidal phase angles. The correction, which is now
being implemented, is to reproduce the HF coil lead configuration at all 12 field
periods and to modify the VF coil lead to eliminate most of the residual dipole
field.
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FIG. 1. Flux surface plots comparing the calculated islands (a) at the * = 1/3, 1/2, and 2/3 surfaces
with experimental data derived from fluorescent screen images (b,c,d).

The effect of the existing island structure on plasma properties is likely to be
substantial. Temperature profiles are narrow, suggesting poor confinement outside
the -e = 1/2 surface and a reduction in the effective plasma volume by a factor ~ 2.

2.2 ECH plasmas

Figure 2 shows the evolution of a typical plasma shot lasting for 300 ms. The
helical and vertical fields are established about 1 s before plasma initiation. A
movable paddle located at the plasma center to suppress runaway electrons and
hard X-ray production is retracted, and a gas puff (~ 0.3 torr-L) is injected
just before ECH power is applied at / = 0 ms. The density (measured with a
2 mm interferometer), stored energy (diamagnetic loop), and electron temperature
[third harmonic electron cyclotron emission (ECE) and Thomson scattering] reach
equilibrium within 50 to 100 ms. Plasma current during the ECH phase is typically
<1 kA, although currents up to 2 kA have been measured.

A fairly narrow resonance range for second harmonic ECH breakdown has been
reported from Heliotron-E [6] and ATF [7]. However, much broader resonance
ranges have been observed under some conditions in ATF, as shown in Fig. 3,
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FIG. 3. Variation ofmaximum line integrated density with magnetic field. Two scans (A, o) are shown
for the plasma shifted in by 5 cm, and one scan (O ) for the plasma shifted out by 2 cm.

where the maximum line-integrated density is plotted as a function of BQ. The
data suggest that the resonance width may be very sensitive to the details of the
magnetic configuration. Resonance widths > 10% were observed for conditions
where the magnetic axis was shifted inward by 5 cm, as opposed to values of about
2 to 3% where the axis shift was zero or outward. Such variations are not accounted
for in the theory of Carter et al. [8]. The delay between application of the ECH
power and breakdown, as indicated by the 2 mm interferometer, varies substantially.
This delay is small (2-4 ms) when residual plasma from the HF ramp-up phase of the
discharge is present just before breakdown. When no plasma is present, indicated
by line-integrated densities < 1 x 1016 m~2, the delay varies between 10 and 50 ms.

The evolution of the density after breakdown depends on the history of wall
conditioning. The continuous increase due to the influx of light impurities, which
was seen previously [7], has been eliminated as the cleanliness of the vacuum
vessel improved, especially after the application of mild (70°C to 150°C) baking
in conjunction with glow discharge or 3 to 4 kW of 2.45 GHz electron cyclotron
resonance discharge cleaning. Essentially constant conditions have been obtained
for ECH pulses up to 1 s in length. The upper limit on the density is generally
in the range ne = 0.9-1.1 x 1019 m~3, which is consistent with the X-mode
absorption cutoff at central densities > 1.7 x 1010 m~3. Radiated power inferred
from bolometry is approximately 30 to 50% of the injected microwave power;
however, there are significant uncertainties due to geometrical factors and the lack
of toroidal uniformity. Typical parameters for the ECH phase are Wain = 1.5 kJ,
rae = 7.7 x 1018 m~3, Tr0 « 800 eV from Thomson scattering, T,o > 100 eV from
C VI line broadening. Data from Thomson scattering, the spatial dependence of
line radiation, and line broadening all indicate narrow temperature profiles, with
Tc ;$ 100 eV for r/a > 0.6. These results are consistent with the possibility of poor
confinement outside the -t- = 1/2 surface.
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FIG. 4. Total stored energy from diamagnetic loop for various values of absorbed power. Each point
refers to the average of a sequence of shots. The uncertainty in the calculated beam charge exchange
losses is indicated by the horizontal error bars.

2.3 Neutral-beam-heated plasmas

The evolution during neutral beam injection (NBI) is illustrated in Fig. 2. The
power from a single co-injected beam is applied at i ~ 200 ras, The density and
stored energy increase, while the electron temperature decreases. Stored energy
peaks 40 to 50 ms after the start of injection, although the density continues to
rise for a further 30 ms or so until the plasma appears to undergo thermal collapse.
Only a fraction (typically 30 to 50%) of the density rise observed after the start of
NBI can be explained from beam fueling alone. Influx of cold gas from the beam
line, evolution of gas from the walls, and increased impurity influx all appear to be
significant contributions. The most important impurities are carbon and oxygen, as
is the case before injection. Using the technique of charge-exchange excitation [9],
we estimate the rise in central oxygen density during injection to be a factor of «2.
Nitrogen and carbon show similar behavior, rising by factors of 2 and 3, respectively.
At 250 ms, the central concentration of low-Z impurities is estimated to be 2 to
4%. This discharge behavior, including both the EGH and NBI phases, has been
modelled using the time-dependent 1-D transport code PROCTR [10]. The effect
of the known field errors is assumed to be taken into account by strongly enhancing
the electron and ion heat conduction and the impurity and particle diffusion outside
the -e = 1/2 radius (r/d ~ 2/3). In addition, the impurity source terms for carbon
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and oxygen are assumed to increase during the neutral beam pulse. In this manner
the more prominent factors of the discharge, i.e. narrow temperature profiles, the
time dependence of the stored energy, and the eventual thermal collapse, can all be
reproduced without invoking additional transport loss mechanisms, although the
data analysis does not rule out such losses.

Figure 4 shows the measured stored energy Wj;a versus absorbed power for a
variety of conditions. The circles indicate ECH-only plasmas, for which the absorbed
power is assumed to be equal to the injected power. The solid data points refer to
discharges obtained after the implementation of partial (~35%) coverage chromium
gettering [11]. The effect of gettering on the central impurity content in both the
ECH and NBI phases is small (±30%); however, the effect on the operational limits
for the beam phase is significant. Both the duration of the beam phase and the
density reached prior to radiative collapse are increased after gettering. At the
highest powers investigated (~1.4 MW), the attainable stored energy is twice as
high for the gettered discharges as for the ungettered discharges, perhaps reflecting
the benefits of the higher operating densities. The maximum value observed, Wdia «
7 kJ, corresponds to a central /?„ > 2%, with {/?) = 0.5%.

During injection, the plasma current /,, rises to a maximum of ~ 5 kA for
Pbt*m ~ 650 kW (see Pig. 2). This is approximately equal to the calculated beam-
driven current. As expected, when both beam lines are used at similar power levels
(450-650 kW) to provide balanced injection, the net beam-induced current is small
(Ip < 1 kA).

2.4 Configurat ion effects

Figure 5 shows the variation of stored energy as a function of the shift of the
magnetic axis obtained in two separate runs in which the vertical field was varied
systematically. In both cases the optimum position, as defined by the maximum in
stored energy, occurs when the plasma is shifted in by 2 to 4 cm from the standard

O 8/4/88
_ D 7/14/88

|O

• D

1.9 2.0

FIG. 5. Peak stored energy as a function of plasma major radius, measured on two different occasions.
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Ro = 2.1 m, and the stored energy deteriorates rapidly as the plasma is shifted
out. Similar effects are seen on the line-average density and the plasma current.
The data shown in Fig. 5 are maximum values obtained during 600 kW neutral
beam shots; however, the ECH phase of the plasma shows the same trends. A
possible contribution to the deterioration observed as the plasma is shifted out lies
in the effect of the known islands on confinement. Model calculations made with the
known field errors described in Section 2.1 predict significant island growth as the
magnetic axis is shifted outward, with the width of the -t — 1/2 island increasing
from 4 cm when Ro = 2.05 m to 8 cm when Rg = 2.14 m. Furthermore, the volume
inside the -t = 1/2 surface decreases rapidly for Ro > 2.1 m.

3. SUMMARY

Initial results from the ATF have shown that the formation of adequate
target plasmas can be obtained with <200 kW of second harmonic ECH, despite
the presence of significant islands due to a known field error. Neutral beam
injection plasmas have been sustained for up to 100 ms, but eventually undergo
thermal collapse. Partial chromium gettering has proved beneficial in extending the
operational range of the device and the duration of the neutral beam discharges.
For both ECH and NBI plasmas, there is evidence of significant degradation of
confinement in the outer regions of the plasma. Near-term plans to further improve
the performance include the correction of the field errors, investigations at 2 T
where the target plasma density can be increased, and more complete gettering to
expand the available operating space.
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Abstract

ELECTRON CYCLOTRON HEATING OF CURRENTLESS PLASMA BY AN ORDINARY WAVE
IN THE L-2 STELLARATOR.

Experimental results on currentless plasma production and heating by an ordinary wave on the
first harmonic of the electron cyclotron frequency are presented. High frequency power formed in a
Gaussian-like beam (f = 37.5 GHz, 200 kW, beam diameter 6 cm) is launched into the stellarator from
the low field side. At an average plasma density ne = 7.5 x 1012 cm"3, Te(0) = 1.1 keV,
Tj(O) = 80 eV, the energy lifetime is r = 3 ms, plasma pressure (3 = 0.25% and the heating effi-
ciency is 10-12 eV/kW at 10 " cm"3. Heating dynamics, radial plasma temperature profiles, maximum
values of Te(0) and plasma energy are well described by numerical calculations in the framework of
neoclassical heat transport theory for the stellarator. A decrease of absorption efficiency with an increase
of heating power is found.

1. INTRODUCTION

Experiments on currentless plasma production and heating by an O-mode at the
fundamental resonance (f = 37.5 MHz, 200 kW, pulse duration 7-8 ms) were
carried out in the L-2 stellarator [1] (R = 10 cm, a = 11.5 cm, t = 2, m =^ 14,
B = 1.34 T). An HF wave was launched into the vessel from the low field side (kll R)
by a four mirror quasi-optical system forming and focusing a Gaussian beam (diver-
gence of 0.1, beam diameter 6 cm, polarization degree 0.98, power at the vessel
entrance Po = 100-170 kW).
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To decrease plasma interaction with the vacuum chamber wall and to reduce
radiative losses a graphite movable limiter was placed at the magnetic surfaces with
r > 9-11 cm.

2. RESULTS

The conditions in which ECRH methods are applied in stellarators with high
shear are essentially different from traditional ones in tokamaks, owing to differences
in the magnetic field structure and plasma geometry [2]. The magnetic field at the
place where HF power is launched is asymmetric to the major surface of the torus
and an extended homogeneous field region (the 'saddle' region) exists near the mag-
netic axis. The form of the magnetic surfaces is that of elliptical screws with a 57°
pitch.

The calculations of energy deposition profiles were made by the method
described in Ref. [3]. Calculations are carried out in the geometrical optics approxi-
mation, the refractive index is determined by an expression for cold magnetically
active plasma and cyclotron damping is calculated using a local dispersion equation
including the effects of finite temperature values on the ray trajectory. The results
of calculations of one pass HF power absorption efficiency are shown in Fig. 1;
Vi = PJPQ reaches 0.75 at w ^ O ) / ^ = 0.85, Te(0) = 1 keV (Wpe(0) is the plasma
frequency, Pab the absorbed power).

The breakdown and formation of the plasma occur in the first 0.5-1 ms at opti-
mum conditions determined by neutral gas pressure (hydrogen) and when the
resonance conditions are fulfilled (w0 = o>ce(0)). Since the efficiency of 0-mode
interaction with a low density and low temperature plasma is not high, one can
assume that the initial stage (breakdown and initial heating) is caused by the X-mode
arising at multiple reflection of the launched O-mode from the wall of the vacuum
chamber.

o.s

0.6

0.4

0.2

I
0.2 0.4 0.6 0.8

Te(0) (keV)

FIG. 1. Dependence of calculated absorption coefficient on plasma temperature TJr)
Te(0)(l - x2), ne(r) = ne(O)(J - x2), nJO) = 1.25 X W13 cm'3, x = r/a.
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mined from laser scattering for t = 6 ms).
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The time behaviour of the main plasma parameters (n«., the line average elec-
tron density; Te(0), the central electron temperature; W, the diamagnetic stored
energy; Prad, the radiative loss power) during the ECRH pulse for launched powers
of 100 and 170 kW is shown in Fig. 2.

During ECRH f^ = 7.5 X 1012 cm"3 is practically constant and changes by
less than 10%. The radial profile n^r.t) is close to parabolic. Electron temperature
and plasma energy increase almost linearly, reaching at the end of the ECRH pulse
Te(0) = 0.8-0.9 keV, W = 170-190 J. The dynamics of the Te profile are shown
in Fig. 3.

The ion heating rate changes during the heating pulse: during the first 0.5 ms
fast heating up to 50 eV occurs, then the tempo falls and at the end of ECRH TL(0)
reaches 80 eV. The ion energy distribution differs from the Maxwellian during the
first 1-2 ms.

Radiative losses Prad do not change much during ECRH, reaching 10-12 kW,
a small part of the heating power.

The increase of the launched power Po (see Fig. 2(b)) does not lead to a sub-
stantial rise of Te(0) and W, but the dynamics of heating change: more rapid growth
and saturation of Te(0) and W during 4-5 ms are observed. To determine the possi-
ble reasons for these phenomena, investigations of the heating efficiency with heating
power variation were carried out. Let us consider these results in more detail.

At the basis of the measurements of the absorbed power in the plasma or of the
absorption coefficient (T?) with any heating method is an elementary power balance
equation:

d W
 P

 w
 P

dt r

where W is the total plasma energy, T the energy lifetime and Pa the non-thermal
losses (radiation, charge exchange, etc.). With variation of Po (the maximum
change of Po is the heating power switch-off) and assumption of the unchangeably
of losses, the change of the plasma energy derivative is equal to the amplitude of the
absorbed power variation. If the assumption that the additional losses Pa remain
constant is justified, then it can be proved that energy lifetime during heating and free
plasma decay (Po = 0) is conserved. The degradation of T with additional non-
Ohmic plasma heating in the tokamak is a direct indication of that problem complicat-
ing the analysis of global plasma power balance. Lifetime dependence on Po with
variation of heating power must lead to a change of the thermal flux at the plasma
periphery and therefore to temporal changes of edge plasma parameters. In order to
analyse the loss channels in ECRH experiments the following measurements were
made: derivatives of the diamagnetic signal and transverse magnetic field caused by
equilibrium currents (thermal plasma component); density and temperature of the
edge plasma (energy contribution to the plasma periphery, T^ < 0.1 ms); distribu-
tion of the HF field intensity along the torus (global power absorption, launched in



IAEA-CN-50/C-I-3 363

- 200

- 100

100 200

FIG. 4. Dependence of Pab and W on input power Po (full circles: calculated values o

the stellarator). At Po switch-off no fast response in edge plasma parameters was
measured; Te decays smoothly with a time constant close to r. This fact permits us
to suppose that the energy confinement time does not change near the power switch-
off point. Therefore the diamagnetic signal derivative corresponds to the absorbed
power value Pab.

The HF field damping length in the chamber is L < 1 m in resonance absorp-
tion conditions and weakly depends on Po.

In Fig. 4 the dependence of Pab and W on Po is shown. The dependence is
obviously non-linear, a tendency towards saturation of Pab(Po) is observed and the
absorption coefficient ije = Pab/P0 = 0.4 at Po = 170 kW. It is substantially differ-
ent from the calculated one, ijt (r)e = O.6-O.7i7,), even for one pass absorption of
HF waves in the actual geometry of the stellarator field.

We can pose questions about the following: the total absorption of the launched
power and the measured absorption coefficient r]e = 0.3-0.5; the fall of rj& with the
rise of Po; and the calculated value r;e = 0.6-0.7?/t.

If one pass absorption of the 0-mode is small, the HF power is multiply
reflected from the walls and loses its initial polarization, and the HF field concen-
trates mainly at the plasma periphery, as indicated by ray trajectory counting. In this
case the absorption of HF power can be in both the cyclotron and the upper hybrid
resonance regions in the relatively cold periphery plasma. The energy content and
the energy lifetime of this cold plasma can be rather small, and owing to ultimate
resolution of the diamagnetic measurements (resolution time > 0.1 ms) this power
cannot be registered.

Another possible absorption mechanism can be absorption of part of Po by fast
electrons, for example by trapped electrons with low energy content but which escape
very quickly.
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The fall of the absorption efficiency with increasing heating power can be con-
nected with the quasi-linear relaxation of the electron distribution function of the
main plasma, leading to the decrease of the plasma 'blackness' and also the decrease
ofij[4].

3. CHARACTERISTICS OF ECRH

3.1. Electron energy distribution function

The electron energy distribution function in the initial heating phase is non-
Maxwellian; the 'tails' of fast electrons are growing. This can mostly be observed
at low density (n,. < 4 x 1012 cm'3). In the main heating phase the energy distribu-
tion function is Maxwellian and plasma pressure isotropization takes place.

3.2. Ion component

Deviation from Maxwellian distribution in the initial phase of ECRH is also
seen for the ion energy distribution function. This deviation decreases with time. It
should be mentioned that fast initial ion heating (up to T;(0) = 50 eV) cannot be
explained by classical collisional energy transfer from electrons to ions. Spectrum
analysis of scattered HF radiation from the main heating beam in the frequency
region f0 ± 1 GHz shows the presence in the initial phase (t < 1.5-2 ms) of inten-
sive bursts of fluctuations in the region of ion cyclotron (f, = 20 MHz) and lower
hybrid (f2 = 400 MHz) frequencies. Additional power input into ion component
heating can be caused by these waves.

3.3. Profiles and energy content

There exist two heating regimes (Po = 100 kW), different in the character of
their Te(r) and n,.(r) profiles. The first regime is described in Section 2 above. In the
second regime plasma energy reaches saturation in the middle of the pulse
(W = 180 J), the Te(r) profile is broad (Te(0) = 0.6-0.7 keV) and the n^r) profile
is deformed during the heating process: first it is broad, then it compresses greatly
towards the end of the pulse. The causes of the difference between these two regimes
are not clear at present. However, the difference may be connected with a change
in the absorption profile, or be caused by a change of boundary conditions for n,.
leading to changes in n,.(r) at fie = const, which in turn leads to beam refraction.

3.4. Current in a currentless plasma

With ECRH of a currentless plasma a small plasma current (Fig. 2) is observed.
This current, Ib, rises continuously, reaching its maximum value (0.5-0.7 kA) after



IAEA-CN-50/C-I-3 365

the end of the heating pulse. It can be interpreted as bootstrap current according to
its direction and value (jUB, the right helical screw). Comparison of the time
behaviour of Ib and energy content W shows an obvious difference that could be
caused by the existence of induced reverse plasma current dependent on the induc-
tance and conduction of the plasma ring.

4. NUMERICAL CALCULATION OF THE ENERGY BALANCE

It is possible with ECRH of a currentless plasma to make a comparison of the
experimental results with neoclassical heat transport theory for a stellarator.

The basic equations used for the simulations are the one dimensional energy
balance equations. Expressions for heat and particle fluxes obtained in Ref. [5] pro-
vide the possibility of making calculations in a wide collision frequency region
including the plateau and superbanana regions for a stellarator. In the present calcula-
tions the density and radiated power are represented by analytical functions based on
experimental data [3]. To provide agreement with the experiment an additional
anomalous heat flux, IL. = -£3Te/dr, with { = 3 x 1018/Te, is added to the
neoclassical flux where the quantity f and its functional dependence on plasma
parameters are obtained by simulation of the plasma energy balance with Ohmic heat-
ing [6] (IL, plays a noticeable role only at the plasma periphery, i.e. at low Te).

In comparing numerical modelling with the experiment, we considered the fol-
lowing: heating dynamics, radial profiles and dependence of Te(0) and plasma
energy content W on the value of absorbed power Pab. In Fig. 5 the time behaviour
Te(0,t) and W(t) for Pab = P(0)(l - exp (-t/r,)), P(0) = 60 kW, T, = 2 ms is
shown. The experimental dependences of Te(Pab) and W(Pab) on Pab are shown in

0.8
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FIG. 5. Comparison of calculated (broken line) and experimental (circles and solid line) Te(0,t) and

W(t).
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FIG. 6. Comparison of calculated (broken lines) and experimental (hatched areas) dependences of

TJO) and W on Pab.

Fig. 6. Electron temperature at low Pab increases very rapidly with increasing
energy contribution; however, owing to the strong dependence of the thermal
conduction coefficient on Te the growth of the electron temperature slows down.
The energy content continues to rise faster than Te(0) owing to Te(r) profile
broadening. These tendencies, obtained on the basis of calculations, are clearly seen
in the analysis of experimental data (full rectangles in Fig. 6). Therefore the numeri-
cal modelling of the energy balance of a currentless plasma based on neoclassical heat
transfer theory is in good agreement with a wide range of experimental data. Applica-
tion of the code described above, but not traditional empirical scaling, provides an
opportunity to forecast and compare results of mathematical and physical
experiments.

5. CONCLUSION

Experiments on currentless plasma production and heating at the fundamental
resonance by the 0-mode were carried out. Plasma parameters were the following:
He = 0.75 X 1013 cm"3, Te(0) = 1-1.1 keV, Tj(O) = 80 eV, plasma energy life-
time r = 3 ms, ion energy lifetime T; = 5-6 ms, gas kinetic pressure j8 = 0.25%,
absorbed power up to 80 kW, ECRH efficiency 10-12 eV/kW at 1013 crrr3.

The saturation effect in power absorption by the plasma core is observed.
The neoclassical heat transport model is in good agreement with the experi-

mental results.
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Abstract

PHYSICS STUDIES FOR HELICAL-AXIS ADVANCED STELLARATORS.
Various Helias configurations (helical advanced stellarator) are known with M = 4 to 6 field

periods. Wendelstein VII-X, the future large Garching stellarator experiment, will employ a Helias con-
figuration with M = 5. Helias systems can be typified between the two limiting cases, linked mirror
configurations and quasi-helical configurations, according to their different structure of mod B on the
magnetic surfaces. Stability calculations have shown that resistive interchange and ideal ballooning
modes are stable up to <|3> = 5% in Helias configurations with five field periods and aspect ratio A
= 10. Monte Carlo computations of neoclassical transport have been developed to the stage that con-
finement times of a finite-/3 long mean free path (lmfp) quasi-neutral Maxwellian plasma with an
assumed radial electric field can be estimated. The studies show that Helias stellarators may be found
which are characterized by an equivalent ripple smaller than 2% at half the plasma radius. Monte Carlo
simulations have also been used to obtain a preliminary assessment of the bootstrap current in the lmfp
regime. Other transport studies are concerned with the solution of the bounce-averaged Fokker-Planck
equation for Helias configurations and with heating scenarios obtained in a simple 1D transport code
which allows for additional radiative losses. For neoclassical losses and anomalous losses at the edge,
typical values of <|3> = 5% are attained with a power of 20 MW at B = 2-2.5 T, at densities of about
1020 m"3 and peak temperatures around 5 keV. Applications of the Neumann problem for vacuum
magnetic fields of stellarators have led to improvements in the structure of magnetic surfaces, of the
structure of island chains bounding the confinement region, in computing free boundary equilibria, and
in the search for modular coils. These are then slightly modified according to additional constraints.
Engineering studies of superconducting coil systems for Helias configurations have shown that the
lateral force components can reach the magnitude of meridional force components which exhibit helicity
in accordance with the helix-like magnetic axis. In a case with 4 periods, 12 coils per period, RQ = 5 m,
Bo = 4 T, current density in the coils j c = 40 MA/m2, the maximum net coil force amounts to
approximately 4 MN. Studies of mechanical stresses show that all components of the stress tensor are
important and amount to a maximum von Mises stress of about aM * 110 MPa, and a maximum
shear stress of about 1/3 of this value inside the coils.

Central Research Institute for Physics, Budapest, Hungary.
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1. Introduction

Optimization of advanced stellarators for the definition of the future
large Garching stellarator experiment WENDELSTEIN VII-X is being
performed according to the strategy and the principles described in the
following.

Plasma behaviour in the confinement region can be optimized by not-
ing that the geometry of the confinement boundary within the last closed
flux surface completely determines the properties of the confinement region
since this boundary yields a Neumann problem for the magnetic field inside
of this boundary. Thus, boundary value problems may be solved during
an optimization, the parameters of the boundary being the optimization
variables. In a second step, after optimization of the confinement region,
optimization of the coils necessary to produce this confinement region can
be done, again by solving boundary value problems at the boundary of the
confinement region. The coil geometry is then further improved by local
amendments according to requirements which have not yet been included
in the numerical procedure. Nevertheless, boundary value problems are
the basic steps of the optimization procedure employed here which al-
lows large steps to be taken in the stellarator configurational space. The
boundary representation used for Helias equilibria [l] appears to provide
a suitable configuration space.

The following principles of optimization have been taken into account.
I. High quality of vacuum field magnetic surfaces

A regular boundary of the confinement region will guarantee good
magnetic surfaces. If low-order rational transform values are avoided,
then small error fields are harmless [2] . If medium-order values of
rotational transform per period are avoided, then effects of the natural
islands will be harmless. Another possibility is the use of significant
shear (A*/* « 0.2) to render resonant MHD effects [3,4] harmless. A
regular boundary also allows controlled positioning of an island chain
at the boundary which can be envisioned as a resonant divertor.

II. Good finite-/? equilibrium properties
A small Shafranov shift and a small change of rotational transform
and shear with /? for vanishing net toroidal current will yield a high
equilibrium-/? limit. This is obtained with {jn/j±) ^ 1 , which is
primarily achieved by a suitable combination of helical curvature and
elliptical flux surface cross-section, see for example [1,3].

III. Good MHD stability properties
The stability of small-shear equilibria is governed by three aspects.
Stability is provided by magnetic well stabilization. A vacuum field
magnetic well of approximately 2 % can be created by exploiting the
helical curvature and suitably chosen indentation and triangularity
of the flux surfaces. Magnetic well stabilization at sufficiently high
/?-values requires sufficiently reduced parallel current density, see II.



IAEA-CN-50/C-I-4 371

Side conditions on the geometry of the magnetic surfaces (aspect ratio,
local curvature, local flux surface spacing) have to be observed to avoid
local ballooning instabilities becoming more restrictive than Mercier
instabilities.

IV. Good neoclassical transport properties in the ^-regime
A lower theoretical limit is given by isodynamic configurations [4] for
which the magnetic field B = B(s,<j>) in magnetic coordinates s (flux
label), 6, and <j> (poloidal and toroidal angle-like coordinates). These
configurations would have j\\ = 0 and classical instead of neoclassical
transport, but apparently cannot be closely approximated at finite as-
pect ratio because it is impossible to eliminate all poloidal variation
from B in a curved system. Some approximation is achieved in linked
mirror type Helias configurations [5,6]. A lower limit analogous to neo-
classical transport in axisymmetric systems is given by quasi-helically
symmetric configurations [6] in which the field strength is given by
B(s,6 — <j>). In this situation neoclassical banana transport-without
appearance of the ^-regime - is obtained as in true helical symmetry.
The general nonsymmetric case can be characterized by a normalized

ripple transport coefficient D*R = 1.65&? L* (L* normalized mean free
path) with an equivalent ripple 6e determined by Monte Carlo simu-
lation of electron transport in the Imfp regime. This ripple must be
kept small, typically smaller than or about 2 % at half of the minor
radius, to guarantee sufficiently good neoclassical energy confinement.

V. Small bootstrap current in the lmfp regime
While axisymmetric configurations exhibit a bootstrap current which
increases the rotational transform, quasi-helically symmetric configu-
rations show a reverse bootstrap current, i.e. one which decreases the
rotational transform. Since the radial behaviour of the associated field
strength component is of the same type in these two cases continuity
suggests that nonsymmetric configurations with a bootstrap current
vanishing on each magnetic surface should exist.

VI. Good modular coil feasibility
Generally, strong geometrical shaping of the plasma boundary will
yield better results while it adversely affects coil feasibility. So, side
conditions on the shaping parameters of the plasma boundary will
have to be used to qualitatively ensure coil feasibility. Some of them
remain to be incorporated in the numerical procedure. A necessary
prerequisite for application to an experimental device is a sufficiently
broad accessible range of variable magnetic field parameters, like field
strength, rotational transform, axis position.

2. Helias Stability Calculations

In the Helias class of stellarators the stably accessible ranges of ro-
tational transform, aspect ratio, and number of field periods M were in-
vestigated [7]. Configurations with 0.7 ^ *o ^ !•!> 0.8 5> *i & 1.2,
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TABLE I. VARIOUS HELIAS CONFIGURATIONS WHICH ARE STABLE
WITH RESPECT TO THE RESISTIVE INTERCHANGE CRITERION.
M = number of periods, A = aspect ratio, *Q = rotational transform on axis, ta =
rotational transform on boundary, </3> = average /3-value. The configuration label
designates the number of periods (first digit), approximate aspect ratio (second digit),
to (third digit) in the vacuum field, ia (fourth digit) in the vacuum field.
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FIG. 1. Profiles ofp(s) (solid lines) flattened around ip = 1, and of (j\/j2
x > (dots) for case 5081

(left), and the corresponding results for case 4081 (right) with the resonances -i, i and ±.

TABLE II. BALLOONING MODE NUMBERS AND
</3> -VALUES FOR MARGINAL STABILITY OF THE
BALLOONING MODE INVESTIGATED

n
m

5281

7
8

0.05

HS4V12

5
6

0.03

4881

7
8

0.023

4081

7
8

0.02

5081

7
8

0.047

5099

7
8

0.047

6081

M
oo

0.03

6281

7
8

0.047
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8 £ A <, 12, 4 < M < 6, 0.03 £ </?) & 0.09, were found which are stable
with respect to resistive interchanges. The examples, see Table I, show
the flexibility of Helias stellarators with respect to the selection of the
rotational transform, shear, and aspect ratio.

Smaller {/?) -values are found for 4 periods than for 5 periods if op-
timizations are done with 0.8 ^ * ^ 1, see the cases 4081 and 5081 as
well as 4099 and 5099. The relevant resonances up to order 10 in this
range of the rotational transform are for 4 periods -̂, §,4 per period,
while for 5 periods the corresponding values are | and | . In addition, the
(y,?/j^)-values tend to be.somewhat larger for 4 periods than for 5 periods;
profiles of these quantities and pressure profiles obtained by iteration to-
wards marginal stability with respect to the resistive interchange criterion
are shown in Fig. 1.

Evaluations of selected local ideal ballooning modes, see Table II, sup-
port the conclusion that a higher critical /?-value can be achieved with
5 periods than with 4 periods. Most of the configurations shown in Ta-
bles I and II were obtained by optimization towards a vacuum field mag-
netic well and quasi-helical symmetry, while some contain a significant
mirror field (for example case 5281, the configuration studied in [3]) and
toroidal curvature (for example case 4978, HS4-12).

3. Types of Helias Fields

In general, toroidal stellarators involve the risk that neoclassical en-
ergy confinement may turn out to be characterized by losses exceeding the
plateau level in the long mean free path regime. Helias stellarators can
be found which combine small Pfirsch-Schluter current density and small
equivalent ripple so that the requirements of good neoclassical transport
and good MHD behaviour do not conflict. Two limiting types of He-
lias fields can be distinguished according to their differing structure of
modB on the magnetic surfaces. Linked mirror configurations tend to-
wards poloidally closed contour lines, whereas quasi-helical configurations
exhibit a nearly helical invariance, see Fig. 2. Besides the low Pfirsch-
Schluter currents these quasi-helical configurations have the favourable
property of confining trapped particles which in particular will reduce a-
particle losses in a stellarator reactor. Other Helias configurations are
of an intermediate type. An example of a linked mirror configuration is
studied in [5], quasi-helical Helias configurations were first published in [6],
modular Heliac configurations with nearly helically invariant structure of
mod B and improved transport properties in [8].

QuasWielical equilibria seem to be rather resistant against finite beta
effects or the superposition of a toroidal current. Figure 3 shows results
for finite-/? calculations without and with a significant amount of toroidal
(bootstrap) current. These equilibrium calculations are for fixed bound-
ary, the effect of free boundary remains to be studied.
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HELIAS 4-12 HELIAS 5-6 (5081)

toroidal angl* toroidal angle

FIG. 2. Left: perspective view of the coils and a magnetic surface ofHS4-12, a four period Helios sys-
tem and mod B of one field period with localized maxima at the radial inside, typical for linked mirror
configurations. Right: magnetic surface ofHS5-6, a five period configuration similar to 5081, showing
a nearly helical invariance of mod B.

In both types of Helias configurations collisionless guiding center or-
bits axe well confined. Circulating particles stay close to magnetic surfaces.
Deeply trapped particles with nearly vanishing parallel velocity are lost
in local field minima (modular ripple) between two of the modular coils.
Moderately trapped particles show reduced drift velocities and small ra-
dial banana widths; they can perform nearly closed orbits for a longer
time, unless they are lost in a modular ripple. These orbits deviate from
magnetic surfaces. Nearly circulating particles can perform many tran-
sits around the torus in one direction, before getting reflected close to the
local maxima of the field; these occasional reflections lead to stochastic
orbits and a slow diffusion of these intermediate particles. Quantitatively
the behaviour of trapped particles depends on the details of the configu-
ration and of the particles, e.g. magnetic field structure, starting point,
energy, pitch angle; a classification of trapped particles is difficult because
of frequent trapping and detrapping processes.
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(0,0)

(1 .1 )

0.0 1.0

FIG. 3. Fourier coefficients Bmn versus normalized flux surface s; for example, solid line: [Boo —
B00(s = 0)7, dashed line: B32, dash-dotted line: B,,; B = E Bm„ cos 2ir(m8 — n<j>). Fourier coeffi-
cients smaller than 0.0065 are not shown. Left: a <(3> = 0.05 result without toroidal current; right:
the result for a current which changes the boundary value of the rotational transform by approximately
a factor of two.

4. Bootstrap Current

Bootstrap currents in Helias configurations have been calculated fol-
lowing the theory of Shaing, Solano [9] and Shaing, Callen [10]. As a figure
of merit the geometrical factor C\, has been evaluated for various Helias
configurations with the equivalent axisymmetric configuration serving as
the reference case. In quasi-helical configurations a simple relation be-
tween bootstrap current / ' , neoclassical diffusion flux r n e o and electron
thermal flux qe>neo

< B* > V I'M « (* - -y) { ^ + 0 . 3 2 ^ }

can be derived which holds for all regimes of collisionality. The quantity
t) is the Spitzer resistivity, r/ is the slope of modB = const lines on a
magnetic surface, 7 = 0 in axisymmetric tokamaks. This equation predicts
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Q . I •

0.01 •

0.001
0. I

FIG. 4. Transport coefficients D] (solid lines), D'2 (dashed lines), and D'3 (dash-dotted lines)
obtained for case 5081 at A = 20 with Q*p = 100 (deuterons), Q~op = 6 x 103 (electrons), and
e<t>(/E0 = 1. Dotted lines represent D'B = A3/2/L* and D'vc = H2

cv*, which in turn corresponds to Sv= v.
The transport coefficients are normalized to the tokamak plateau value (D' = 1), and the mean free
path is normalized to half the connection length (L* = 1).

a nonvanishing bootstrap current for quasi-helical configurations flowing
opposite to the bootstrap current in axisymmetric ones.

In nonsymmetric Helias configurations, exemplified by linked mirror
systems, the proportionality factor between bootstrap current and neo-
classical fluxes depends on the details of modB on the magnetic surface
and can be made very small or even close to zero by modelling the Fourier
spectrum of mod B appropriately. An example of a configuration with very
small bootstrap current is HS4-12, shown in Fig. 2. The configurations
HS5-7 and HS5-8 are of the intermediate type between linked mirror con-
figurations and quasi-helical ones, and show reduced bootstrap currents
in the plateau regime.

It is not so much the modification of the plasma equilibrium or the
potential source of kink instabilities which makes the bootstrap current
a matter of concern, it is the uncontrolled variation of the *-profile in
low-shear stellarators during the rise phase of the discharge, which - as
experiments in Wendelstein VII-A have shown - can lead to a collapse of
confinement whenever the rotational transform crosses a low order rational
number. It is for this reason that the bootstrap current will be minimised
in future low-shear stellarators.
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TABLE III. CALCULATED PLASMA PARAMETERS AND CONFINEMENT
TIMES FOR W VII-AS AND FOR VARIOUS HELIAS SYSTEMS AT ASPECT
RATIO A = 20, i.e. AT ABOUT HALF OF MINOR RADIUS a.
TC is the effective collision time, T0 is the plateau confinement time, T, is the density-
gradient-driven confinement time of monoenergetic particles, T2 « TP and T3 « TE

are the particle and the energy confinement times, respectively, of a Maxwellian
plasma, with electric potential q(t>Q/E0(r0) = 1, where Eo is the average Maxwellian
energy.

Ro

a

*M
Bo

kT{ro)

nt{r0)

0{r,)
U

To

T\

ri

T3

[m]

[m]

[T]

[keVJ

[1019m-3]

[%]

H
[msj

[ma]

[ms]

[ms]

W VII-AS

2.0

0.20

0.389

3.0

2.0

2.8

0.5

3.6

3.6

55

19

8

W VII-AS

5.0

0.50

0.389

4.0

6.4

6.2

2.0

9.2

17

160

60

27

HS-49

5.0

0.50

0.746

4.0

6.4

6.2

2.0

9.2

33

490

190

80

HS-5081

5.0

0.50

0.882

4.0

6.4

15.5

5.0

3.7

40

640

240

100

HS-5099G

5.0

0.50

0.844

4.0

6.4

6.2

2.0

9.2

38

870

320

140

HS-61

5.0

0.50

1.531

4.0

6.4

9.3

3.0

6.2

69

12000

3800

1500

5. Neoclassical Transport
5.1 Monte Carlo Computations of Neoclassical Transport

A code [11] was developed which uses monoenergetic Monte Carlo
simulations of neoclassical transport coefficients as a basis for estimates
of confinement times in the long mean free path regime for plasmas
in stellarators of general geometry with Maxwellian energy distribution.
Three diffusion coefficients relating to density-gradient-driven particle flux
(Di), temperature-gradient-driven particle flux (D2), and temperature-
gradient-driven energy flux (D3) are then obtained by convoluting the
monoenergetic results with a Maxwellian energy distribution and appro-
priate energy weighting factors. Fig. 4 shows such results for the case 5081
for an assumed radial electric field. With formal definitions of confinement
times Ti relating to Di , approximate particle and energy confinement times
are given by rp « T-I and TE « 73, respectively. The confinement times r̂
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were taken from those D values where Dke = -Djti for k = 1, 2, 3. This
procedure is suggested by the condition of quasi-neutrality (7-2e « ^2i)j
which is thus incorporated in a consistent though primitive way compat-
ible with the lmfp regime. It is instructive to obtain results for various
devices scaled to Ro = 5 m, Bo = 4 T, kT{r0) = 6.4 keV, see Table III .
Case 5099G is characterized by -Z?i)0 « j-Bi.i which yields a small boot-
strap current in the lmfp regime according to Monte Carlo simulations of
the distribution function [12].

5.2 Bounce-Averaged Fokker-Planck Code

Recently, a power series solution of the bounce-averaged kinetic equa-
tion has been found which is valid for the whole range of low collision
frequencies, and for both, classical stellarators or torsatrons with stan-
dard or transport-optimized ripple profiles [13] . Using only the lowest
Fourier components of the magnetic field a simple analytical model for
the magnetic field is given by

B = B0(l + COiicos6—CijO cos M<f>—Citi cos $ cos M<f>—Siti sin $ sin M<j>)

where M is the number of field periods. This model is extended to also
incorporate higher harmonics. It is applied to cases of various Helias coil
systems.

An example is shown in Fig. 5 for the case of the linked-mirror type
configuration HS4-8 which was increased to reactor size. Parameters of
interest in standard notation are Ro = 25 m, a — 2.5 m, Bo = 8 T,
* = 0.55, (j> = T = 5000 V. The poloidally averaged ripple amplitude at
half of the minor radius is e = 4.7 % . Numerical Monte Carlo results
for ions (*) and electrons (o), obtained for the model field, are found to
agree very well with analytic estimates, shown as dashed lines in Fig. 5.
Monoenergetic test particles are used with pitch angle scattering. The
collision frequency is varied by changing the background density. The nu-
merically observed losses for the full ripple spectrum for ions are increased
by a factor of about two for veffl^E between 0.1 and about 3, and stay al-
ways considerably below the axisymmetrix plateau value, D* = 1. Similar
results are obtained for the quasi-helical configuration HS5-6.

These results clearly demonstrate the improved confinement of the
Helias concept; the expected ripple transport rate in an equivalent classical
stellarator is much larger.

5.3 Projection of Plasma Parameters

Plasma parameters in a Helias system are estimated by application of a
simple ID transport code. This code solves the combined equations of par-
ticle and energy transport of ions and electrons for given radial profiles of
energy and particle input. Radiative losses with given profile are optional.
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FIG. 5. Transport coefficients for protons and electrons, obtained for HS4-8 in reactor size. Solid lines
are the power series estimates according to the model field given in the text and the expected axisym-
metric contribution; dashed lines are the sum of the solid lines. Dash-dotted lines indicate the expected
ripple transport rate in an equivalent classical stellarator. Numerical Monte Carlo results are shown
for monoenergetic ions (*) and electrons (o), obtained for the model field, and for ions (+) for the
full ripple spectrum.

Neoclassical transport coefficients (x>-D)neo = {X,D)HH + (x>D)ripple
are used, with the Hazeltine-Hinton formula for the plateau regime, and
the Shaing-Houlberg formula for the ripple regime, with an equivalent
ripple amplitude 6e adjusted to the result of Monte Carlo calculations
and analytic theory. In addition, anomalous losses are assumed with
( X ^ a n C X ^ r - t .

Preliminary parameters for this investigation are: Major and minor
radii Ro — 5 m and a — 0.45 m, respectively, and a magnetic field of
B = 2.5 T. A radial electric field with potential e<j> = kT and radiative
losses near the edge of 10 MW are assumed. With a net heating power of
20 MW and densities around 1020 m""3 peak temperatures between 4 and
6 keV were calculated. The goal of an average value of (f3) = 5 % is
also attained at other distributions of the absorbed power of 20 MW at
J3 = 2 to 2.5 T at densities of about 1020 m~3 and peak temperatures
around 5 keV. To achieve these parameters a low recycling coefficient has
to be assumed, in particular with respect to a gas influx connected with
neutral beam heating.
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2.40

12.67

FIG. 6. Poincare plots of the 5081 Helias stellarator and contours of the current carrying surface.

6. Vacuum Fields and Coils

The NESCOIL code as application of the vacuum field Neumann prob-
lem has mainly been used in systematic optimizations of the coils with re-
spect to their distance from the plasma and their curvature. The contours
of the center filaments of the coils are obtained on an outer surface which
is chosen with considerable flexibility, preferably similar to the geometry
of a magnetic surface inside of and near the outermost magnetic surface.
Preparatory studies with NESCOIL of a resonant divertor concept have
identified a variety of possibly promising situations with different topolo-
gies and localizations of diverting field lines [14]. A case in which the
structure of the islands looks quite optimal, because it favours the tips
of the indented cross-section and the tip of the triangular cross-section
as divertor regions, is shown in Fig. 6, and one field period of the corre-
sponding coil set in Fig. 7. The result of a free-boundary calculation with
NEMEC [14] are presented in Fig. 8, which indicates that the positions of
the O-points of the islands vary little with /?.

Similar coils introduce a vacuum field labelled HS5-7 with interchanged
poloidal positions of the stagnation points on the separatrix and the O-
points of the edge islands. In Fig. 9, an enlarged detail is given of several
closed field lines, where one of them is rational with * = j | , the 'ergodic'
separatrix, and one of the five * —1 islands. Near the edge of the island,
a sub-structure with 8 clusters is visible. The radial 'spokes' demonstrate
an internal rotational transform * island w 1/7 within the island, relative
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FIG. 7. One period of the coils for the 5081 Helias stellarator.

to the transform * = 1 of the O-points. The average radius of the island
is about 15 % of the minor radius of the separatrix. There are 5 separate
magnetic islands which are changed to. one closed island of slightly smaller
size at reduced * — 5/6. One can anticipate the use of such magnetic
islands for edge control of the plasma.

From the Helias system 4978 with four field periods two slightly dif-
ferent coil systems, HS4-11 and HS4-12 are derived, which serve as a basis
for technical studies concerning flexibility and feasibility. The configura-
tions differ in the sign of shear. The parameter ranges attainable in their
vacuum fields are similar, e.g. a variation of 20 % in rotational transform,
either by using different currents in radially split coils which shifts the
effective current radially, see right part of Fig. 10 , or by a 10 % variation
of the toroidal field component by superimposing the field of planar TF-
coils. Then the extreme *-values can be attained at larger fields than those
shown in the figure. Further details on the two options for *-variation are
given in [15]. The radial position of the magnetic axis can be shifted by
2 to 3 % of the average major radius by vertical fields of about ± 1 % of
Bo • An accessible parameter range within these numbers is considered
as reasonable for experimental purposes. It is to be noted, however, that
parameter variations often are interrelated, and that the aspect ratio is
increased at low-valued rational * at the plasma edge, due to the presence
of the magnetic island chains.

Because of the finite size of the superconducting coils and the need
of a cryostat the distance between plasma and first wall (dashed line in
Fig. 10) becomes rather small. Sufficient decoupling of plasma and wall
requires a minimum distance of more than 10 cm which in 5-period Helias
configurations is more difficult to realize than in 4-period cases. For this
reason the dimensions of Wendelstein VII-X have been increased to Ro =
6.5 m with a reduced magnetic field of 3 T. The behaviour of the neutrals in
the boundary region is being studied with the Monte Carlo code DEGAS.
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FIG. 8. Flux surfaces of a 5081 free-boundary equilibrium with </3> «= 0.06. 77ie Poincare plots of
the surrounding vacuum field show the influence of@ on the size and position of the five magnetic islands
with t = l.
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FIG. 9. Details of outer magnetic surfaces for HS5-7 with i = 1 at the edge.
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FIG. 10. Left: vacuum magnetic field of the HS4-12, shown in three toroidal planes with contours of
a tentative torus (dashed), and the envelope of the modular coils. Right: parameter range attainable by
radial shift H, of the effective minor radius of the coils.
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7. Engineering Aspects of Helias Coil Systems

Engineering aspects have been studied mainly for the coils of HS4-12
and HS5-8 with 12 coils per field period, having major radii of 5 and 6.5 m,
average fields of 4 and 3 T, current densities of 40 and 50 MA/m2, and
coil aspect ratios Ac of 5.0 and 5.3, respectively. In Fig. 11 the coils of
HS5-8 are shown along with the resulting net coil forces in the radial and
vertical directions. They exhibit a helical structure, according to that of
the magnetic axis. A maximum net coil force of approximately 4 MN is
obtained. Local coil forces are directed radially and laterally, depending
on the current density and the coil shape. These components can be
comparable. Integrating the coil forces over one field period results in
purely radial forces. This follows from the toroidal geometry. Several load
cases are considered, according to differing currents in the two radial layers
of the coils at differing *-values. In the smaller system HS4-12 nearly the
same net coil force is obtained [15].

1 MN

FIG. 11. Coil system of HS5-8 with radial and vertical net coil forces.
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FIG. 12. System of mutual coil support for HS4-12.

The electromechanical stresses in the coils are calculated with the
finite-element code SAP V(2), taking the orthotropic material data of the
EURATOM LCT coil. A system of mutual coil support is being optimized.
It consists of a coil housing and an intercoil structure. The complete
structure of one field period, as shown in Fig. 12, is treated in the finite-
element code, subjected to the force density present in the coil elements.
This force density is produced by the whole system of 48 'double-layer'
modular coils. Several load cases are studied. In non-planar twisted coils
all components of the stress tensor are important.

In HS4-12, the largest stress values amount to a maximum von Mises
stress of about UVM « 110 MPa , and a maximum shear stress of about
1/3 of this value. More information and local values of the stresses are
given in [15]. Although the shear stresses are large, the design looks
feasible.

8. Summary and Conclusions

Optimization of the advanced stellarator has led to the Helias con-
cept, where, as a consequence of the small Pfirsch-Schltiter currents, the
Shafranov shift is small and no longer limits the equilibrium-/? as in stan-
dard stellarators. - Stability-/? limits of {/?} = 5 % or more in Helias
configurations are determined by resistive interchange and ideal balloon-
ing modes; the limit tends to increase with the number of field periods
around the torus. - For this reason and taking technical constraints into
account, a Helias configuration with five field periods has been chosen for
Wendelstein VII-X , the future stellarator experiment in Garching. - How
much the /?-limits in Helias configurations are reduced by non-ideal MHD
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effects has still to be investigated. - Progress in the field of Helias config-
urations has been achieved by the discovery of quasi-helically symmetric
systems, which have the favourable property of confining trapped particles
extremely well, thus leading to very small neoclassical losses and good con-
finement of a-particles in reactor-sized systems. - The plateau bootstrap
current can be made very small in the linked mirror type Helias systems
with 4 field periods, whereas in quasi-helical configurations it remains fi-
nite and flows opposite to the bootstrap current envisaged in tokamaks.
Intermediate systems with reduced bootstrap current at 5 field periods, as
described above, are being further optimized. - The physics in the bound-
ary region of Helias configurations is a critical issue, since stochasticity can
determine this region, and magnetic islands can be present depending on
the t -value there. The structure of the magnetic field near the separa-
trix has been analysed, however an appropriate plasma model including
transport of impurities remains to be developed for this region. - Methods
for finding modular coils for optimized stellarator configurations are well
established. Starting from the NESCOIL code, finite modular coils can be
constructed for any Helias configuration. The small distance between the
modular coils and the plasma boundary is a critical issue, particularly for
systems with small size. Therefore for experimental application a careful
optimization of coil shape, current density and overall dimensions of the
device has to be done. In the case of Wendelstein VII-X an acceptable
solution has been found. - For experimental flexibility a sufficiently broad
accessible range of magnetic field parameters, like field strength, rotational
transform, depth of the magnetic well, and axis position has been demon-
strated, considering two alternative methods for *-variation. - The net
electromagnetic coil forces in modular Helias systems are inhomogeneous
with components in all directions. Local lateral forces within a single coil
can be as large as the radial components, requiring an optimized support
structure. As described above and in the references .cited this force in-
homogeneity is not a serious obstacle, and the stresses within the coils
can be kept within technical limits when utilizing an optimized support
structure.

In summary : Helias configurations have been optimized in many respects
and show convincing advantages over standard stellarators. The theoret-
ical understanding with respect to stability and transport has come to a
point where the concrete planning of a new experiment at the required
size appears appropriate and justified.
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Abstract

EQUILIBRIUM AND STABILITY STUDIES FOR LOW ASPECT RATIO STELLARATOR
CONFIGURATIONS.

An average method based on vacuum flux co-ordinates is used to study the equilibrium and local
stability (Mercier criterion) of low aspect ratio stellarator configurations. The results of these studies
agree well with three-dimensional (3-D) calculations for the equilibria of both planar and helical mag-
netic axis configurations. The local stability criterion is a finer test of the equilibrium calculations, and
the values obtained for the different terms using the average method and full 3-D calculations are close.
This method permits the study of low aspect ratio helical axis configurations and the evaluation of the
3-D Mercier stability criterion, since the geodesic curvature term can be computed more accurately than
before.

1. INTRODUCTION

MHD equilibrium studies in stellarator-type configurations are very
complex because of the intrinsic three-dimensional (3-D) character of these
configurations. Although efficient 3-D equilibrium codes have been devel-
oped, the computational time involved in their calculation renders them
inadequate for data analysis. For certain types of configurations, MHD
equilibrium studies can be reduced to a two-dimensional (2-D) problem by
the method of averaging. A 2-D code is faster and more suitable for data
analysis, and it also provides us with a better understanding of the equi-
librium because of its simplicity. The averaging method can be extended
to calculate stability using tokamak codes.

Permanent address: Universidad Complutense, 28040 Madrid, Spain.
2 Operated by Martin Marietta Energy Systems, Inc., under Contract No. DE-

AC05-84OR21400 with the US Department of Energy.
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The average method of Greene and Johnson [1] (stellarator expansion)
is based on expanding the equilibrium equations in powers of the inverse
aspect ratio e and averaging in real space. This method has been very suc-
cessful in explaining the properties of planar axis stellarator configurations
for which its results agree well with those of 3-D codes [2,3]. However, its
formulation is inadequate for helical axis systems and shows some impor-
tant discrepancies for low aspect ratio configurations.

Hender and Carreras [4] proposed a method that uses vacuum flux
coordinates. This is equivalent to averaging along magnetic field lines.
The zero order approximation is the vacuum field. The main restriction
is that the method is valid only in the case of toroidally dominated shift.
In low aspect ratio helical axis configurations, such as the TJ-II flexible
heliac, although the helical shift can be significant for some magnetic
configurations, the total magnetic axis shift is clearly dominated by the
toroidal shift, so that the riemk-r-Carrera.s method is suitable for equilib-
rium calculations.

We have implemented a code called 0.HAV [5] to invert the (jrad-
Shafranov-type equation that results from the Hender-Carreras [4\ average
method. Using this code, we have studied equilibrium and local stability of
low aspect ratio torsatrons and helical axis configurations. The averaged
equations and numerical methods used for the calculations are described in
Section 2. The numerical results are given in Section 3. They are compared
with the equilibria obtained from the 2-D code RSTEQ [6], based on the
Greene-Johnson stellarator expansion, and with those from the full 3-D
code VMEC [7]. The results agree well with the 3-D calculations. Section 4
is devoted to the conclusions.

2. EQUATIONS AND NUMERICAL METHODS

The specific vacuum flux Coordinates used are those described by
Boozer [8]. For a vacuum, the magnetic field may be written in con-
travariant or covariant form as Bv = BopVp x V(0 — *V4>) = 5BV</>, where
-tv(p) is the rotational transform, gs is a constant, and B0Trp2 = $ is the
toroidal flux. The radial variable is p, while 9 and <f> are, respectively,
poloidal and toroidal-like angle variables.

The ordering of the metric elements and magnetic field components is
discussed in Ref. [4]. To lowest order, the averaged equilibrium equations
yield a Grad-Shairanov-type equation for the averaged poloidal flux:

B\\ dp 1 dF
B i I dip a dip
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where a = 1 + (p2-t?l/g%) {gpp}, i> is the poloidal flux, and

gt-r _ .• L. ? gf" = p-

with

*k\, D = i .

JD is the Jacobian of the coordinate transformation, gz] are the metric,
elements, and the angle brackets { ) denote average over the toroidal angle
<j>. The averaged plasma pressure is p, and F is the covariant component
of the magnetic field in the toroidal direction.

To calculate if), the Grad-Shafranov equation, we first assume a given
dependence F — F{ij)). The equilibrium problem is solved iteratively in
the vacuum flux coordinate system with the boundary conditions p =
Bp = 0 at the edge. Finite differences are used in the radial direction,
and a Fourier series description is used in the poloida.l angle 0. Once x[> has
been found, we obtain a new dependence F •= F(i/)) by requiring either
flux conservation (t -= -tv) or zero net current within each flux surface
[5]. The value of F is, in general, different from that first used to solve
the Grad-Shafranov equation, and the solutions must be iterated until F
converges.

The equilibria obtained are used to evaluate the 3-D Mercier criterion
[9] for local instabilities,

DM = DS + DW + DI-+DG>0 (2)

This form of the Mercier criterion uses the same conventions as that given
in Ref. [10]. Ds gives the stabilizing contribution of the shear, Dw is the
contribution of the magnetic well, Di is the contribution of net currents,
and Do gives the contribution due to the geodesic curvature.

To calculate the integrals involved, we expand all the quantities in
averaged and varying components and take the lowest order. This reduces
the calculation to 2-D integrals, which must be computed on each flux
surface.

The CHAV code allows a very fast reconstruction of magnetic surfaces
that could be useful for experimental data analysis.

•3. NUMERICAL RESULTS'-

In this section, the results obtained from the solution of the Grad-
Shafranov equation (1) are compared with 3-D calculations made with
the VMEC code and 2-D calculations from the stellarator expansion
(RSTEQ).

First, we present results for the CT6 configuration [10], a 6-field-
period £ = 2 torsatron with a plasma aspect ratio of 3.8 and -t ranging from
0.32 at the magnetic axis to 0.95 at the edge. Figure la shows the magnetic
axis shift as a function of peak beta, /?(,. These equilibrium calculations
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10

FIG. 1. (a) Magnetic axis shift for the CT6 configuration obtained with the 2-D codes CHAV and
RSTEQ and with the 3-D equilibrium code VMEC; (b) stability boundaries for the same configuration
obtained by using the Mercier criterion in VMEC and CHAV.

assume flux conservation and pressure proportional to (1 - $)2 , where $ is
the toroidal flux, normalized to 1 at the edge. As reported in Ref. [4], the
shift obtained with VMEC is about 30% lower than that, obtained with
RSTEQ. The values obtained with CHAV are much better than the results
obtained with the standard average method. The 3-D Mercier criterion
for this profile gives stability for the full beta range; this is also the case
for the 2-D Mercier criterion using CHAV, and the values for DM given
by both codes are very close. To compare the stability boundary, we use a
flux-conserving sequence with p proportional to ip2. The results are shown
in Fig. lb. The behavior is similar, but while the stability beta limit is
about 5% for the 3-D calculations, it is 7.5% for the average code. The
main difference comes from the term due to the geodesic curvature, which
is more destabilizing in the full 3-D calculations. For this sequence, the
shift and well depth results of both codes are practically the same.

Second, we present results for the 4-field-period flexible heliac TJ-II
[11]. The particular case considered has an c- profile ranging from 1.46 at
the magnetic axis to 1.481 at the edge, with a minimum value of 1.459.
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Because of the sensitivity of the VMEC results to the boundary, we use
the boundary obtained from the Boozer harmonics corresponding to the
last flux surface. We use 53 modes for the 3-D calculation (94 for the
boundary)- The •* profile for the vacuum gives 1.445 at the center, 1.428 as
minimum value, and 1.489 nf. the edge. The calculated well depth is 2.3%,
which is very similar to the value given by the vacuum field lino tracing
code. The minimum of V is not at the edge as it should be, but is very
close to it. Figure 2 shows the results of CHAV and VMEC for the shift and
well depth. The pressure is proportional to i/>2 in these calculations, and
they assume zero net current within each flux surface. The results are very
similar, with a deeper well for the 3-D calculations. Figure 3 shows the flux
surfaces at three different toroidal cuts for the vacuum (reconstructed from
the VMEC code) and equilibria from VMEC and CHAV for /30 ^ 9.25%.
The small differences in the last flux surface result from the fact that we
take only 50 Boozer components to reconstruct the flux surfaces in real
space using the average method. The main differences can be seen in the
toroidal plane corresponding to one-quarter of a field period. Although
the magnetic axis shifts are practically identical, the shapes of the surfaces

-0.2

FIG. 2. Toroidal magnetic axis shift and well depth versus peak beta for the TJ-II configuration
obtained with the 2-D code CHAV and with the 3-D equilibrium code VMEC.
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FIG. 3. Flux surfaces of the TJ-II configuration at three different toroidal cuts for vacuum and /30

9.25%, using VMEC and CHAV.

close to the magnetic axis appear to be different. The calculations of the
Mercier criterion with VMEC show that the configuration is unstable for
this pressure profile. However, with CHAV, it appears to be stable. As in
the case of CT6, the difference comes from the geodesic curvature term,
but now is much more marked. The helical terms are quite important in
this case, and higher order terms must be introduced in the expansion to
obtain a more realistic result for the local stability calculations.

IV. CONCLUSIONS

An average method based on vacuum flux coordinates has been used
to study low aspect ratio stellarator configurations with planar and he-
lical magnetic axis. A computer code has been developed to invert the
Grad-Shafranov-type equation that results at lowest order. The results
for the equilibrium shift and well depth are similar to those obtained with
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3-D codes, and they represent a major improvement over the results ob-
tained with the stellarator expansion. The Mercier criterion results gives
slightly more optimistic results owing to the geodesic curvature term.
These differences are stronger for helical axis configurations, probably
because of the helical shift.
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Abstract

LOW ASPECT RATIO TORSATRONS.
A stellarator with plasma aspect ratios in the range of 3.5 to 5 can be created by using the Com-

pact Torsatron configurations. Stable operation at high /3 should be possible in these devices if a vertical
field coil system is designed to avoid breaking of the magnetic surfaces at finite /3. The direct loss of
energetic particles can be high, but the addition of an external quadrupole field can reduce these losses.
Such a system looks attractive as a reactor.

1. LOW ASPECT RATIO TORSATRON CONFIGURATIONS

The equilibrium beta limit for a classical stellarator scales as the aspect
ratio A — a/Ro, while for tokamaks it scales as the inverse aspect ratio e-r.
Therefore, stellarators have been considered as large a.spect ratio devices
(^10), while tokamaks have, in general, smaller aspect ratios (2.0-5). The
discrepancy in equilibrium /? scaling is due to the different q regimes for
these devices. In tokamaks, the operating 9 range is in practice indepen-
dent of aspect ratio, while for classical stellarators it depends on aspect
ratio with the value of q at the edge inversely proportional to aspect ratio.

Research sponsored by the Office of Fusion Energy, US Department of Energy, under Con-
tract No. DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc., and contracts
with the University of Colorado and Auburn University.
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This is a consequence of the three-dimensional (3-D) nature of stellara-
tors. Decreasing the aspect ratio increases the toroidal effects that break
the helical symmetry of the system and, as a consequence, reduces the
rotational transform at the edge, -t(a).

These limitations of stellarator configurations can be overcome. The
outer magnetic surfaces of a low aspect ratio torsatron can be recon-
structed with the method of Ref. [1] by systematically reducing the extent
of regions with ergodic field lines. In this way, the utilization volume and
-tr(a) can be increased. The method is based on minimizing the residue of
the periodic orbits [2], which is a measure of the island size at the corre-
sponding magnetic surface. The stochasticity is reduced by decreasing the
probability of island overlap through reducing the size of each magnetic
island.

The initial low aspect ratio torsatron studies [3] were focused on the
equilibrium and stability properties. The goal was to increase <fr(a) and
the utilization volume while maintaining or increasing shear and mag-
netic well. This was achieved by doing a constrained minimization of the
residues. The parameters kept constant were the axis rotational trans-
form *(0), the axis magnetic well, through V"(0), and the position of the
magnetic axis, which is kept close to the center of the coil. Parameters
used for the minimization were the coil minor radius and the winding law
parameters. A sequence of torsatron configurations with i-(a) % ] was
obtained. These configurations are labeled CTM, with M the number of
field periods, which ranges from 9 to 6 with plasma aspect ratio from 5
to 3.5. These configurations have been tested for local stability using the
3-D Mercier criterion and for low-n stability (n < 3) using the stellarator
expansion technique. A magnetic well at the plasma center and shear at
the edge are the dominant stabilization mechanisms. The deepening of the
magnetic well with /? causes the j3 self-stabilization effect characteristic of
these configurations. The /? limit is given by the equilibrium and scales
as 1/M (Fig. la).

The breaking of magnetic surfaces with increasing /? can be minimized
by control of the currents in an axisymmetric coil system [3]. Because the
breaking of the flux surfaces is caused by changes in the magnetic field
induced by /?, it could be actively controlled through feedback on the fi
value.

2. LOW ASPECT RATIO TORSATRON CONFINEMENT PROPER-
TIES

The main problem of the low aspect ratio torsatrons is confinement.
Losses in the 1/v regime scale as e"j.e^ , where e# is the helical ripple [4].
At low aspect ratio the helical ripple must increase along with ep when
the outer magnetic surfaces are reconstructed.

A related concern is energetic particle confinement. Low aspect ratio
torsatrons have a relatively large population of helically trapped particles.
For A < 5, essentially all the energetic trapped particles are lost down to
energies of two or three times the thermal energy [5]. For alpha particles
in a minimum size reactor or the high energy tail of a next generation
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experiment, this loss corresponds to about 50% of the trapped particles,
or 15% of the total, at A = 8 (M = 12) and 100% of the trapped particles,
or 35% of the total, at A = 4 (M - 6) (Fig. lb). Calculations with the
Fokker-Planck equation of the loss of alpha particles that scatter into the
loss region show an additional loss of about 15%. Indirect losses are weak
functions of the configuration parameters.

The 1/v neoclassical confinement and the energetic particle
confinement are, in general, correlated because both depend on the
confinement of helically trapped particles. Therefore, it is important to
improve the confinement of these particles without deteriorating the fa-
vorable MHD properties of these configurations.

The deeply trapped particles closely follow, in a. bounce averaged
sense, surfaces of constant q$E + ^J3m i n , where Bm\n -•• min<;|B(i/', 0, ()\
with (V'I^IC) the Boozer coordinates [6]. For energetic particles, electric
field effects are not important and the -Bmin = const surfaces give an
indication of the orbit topology. The fractional area enclosed by the last
Bmin contour correlates well with the fraction of trapped particles confined
(Fig. lc). This area is useful in assessing the particle confinement prop-
erties of a magnetic configuration [5].

Adding a quadrupole field, which can be generated by the vertical
field coil system, improves the confinement of helically trapped particles.
The quadrupole field should provide an average horizontal ellipticity of
about 1.5. This causes some breaking of the outer magnetic surfaces, but
the configurations can be optimized with this quadrupole field and with
*(a) s: 1. The quadrupole field causes an increase in the Pfirsch-Schliiter
currents with a concomitant, reduction in the equilibrium /? limit. It also
increases the destabilizing effect of the geodesic curvature term. If this
term dominates the magnetic well, the j3 self-stabilization effects are not
present. Therefore, a careful optimization study is needed to determine
the maximum quadrupole field to be added to a configuration. In this way,
a new sequence of Compact Torsatron configurations has been obtained.
For the A = 8 case, the losses in the inner half-radius can be reduced
to zero; at lower aspect ratio, they are reduced to about 60% (Fig. lb).
These configurations are stable to 3-D Mercier modes with a somewhat
reduced j3 equilibrium limit. For instance, the CT7 configuration with
added quadrupole field (Fig. Id) has a /? limit of {/?} % 6% versus 7%
without the quadrupole field (Fig. la).

3. ADDITION OF AN £ = 1 WINDING TO A LOW ASPECT RATIO
TORSATRON

The addition of an I = 1 helical field component has been suggested
[7,8] as an alternative way of reducing direct particle losses. This field
component reduces the inward shift of the Bmin = const contours. Adding
an t — 1 helical winding to an I = 2 torsatron is a straightforward im-
plementation of this approach. A direct consequence of this mixing is
the loss of magnetic surfaces. However, the technique of Ref. [1] can be
used again to optimize the winding law and reconstruct the magnetic flux
surfaces. An t — 2,M = 5 configuration with an added £ = 1 winding
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carrying 1/3 of the current of the £ — 2 winding and with A = 5.5 has
been optimized in this way. This configuration has been used to design a
small experimental device now under construction at Auburn University.
Experiments on this device will explore the question of magnetic surface
breakup and reconstruction.

4. LOW ASPECT RATIO TORSATRON REACTORS

The low aspect ratio torsatron approach leads to modest size next
generation experiments and smaller stellarator reactors [9] (7?. -- 8 11 m
versus 20-25 m typically). The open geometry provides adequate space
for trit ium breeding between the helical field windings. The direct alpha-
particle loss exits in a very narrow helical strip, and the energy can be
recovered externally. Fokker-Planck calculations show that eventually all
alpha particles scatter into a loss region after they have given up most of
their energy, thus providing an ash removal mechanism.
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Abstract

OPTIMIZATION STUDIES OF COMPACT TORSATRONS.
Results are presented of a study of compact torsatron systems with a two-component burning

mode of operation, a plasma radius of a ~ 0.4-0.5 m, an aspect ratio of Ap < 2.5, and a magnetic
field of Bo = 5-6 T. The purpose of the study is to determine the possibility of realizing a neutron
source with ~ 1 MW • m"2 wall loading. Numerical studies of magnetic configurations for compact
systems have been performed. The configurations are studied in two modifications: a modular torsatron
with a small number of field periods and a torsatron formed by non-helical distorted rings. The latter
configuration is attractive because of the simplicity of its construction. The plasma equilibrium has been
studied by including the magnetic surface distortion produced by equilibrium currents at finite (3. The
behaviour of the plasma transport coefficients has been studied in the low collision frequency region.

1. INTRODUCTION

A non-traditional approach using a two-component fusion mode based on the
use of slow cyclotron waves to heat up one of the D-T plasma components [1]
enabled new estimates to be made of the feasibility of a thermonuclear demonstration
device [2] and a source of thermonuclear neutrons [3] on the basis of a stellarator
system. In this mode, a substantial portion of the 'hot' ion component should have
energies at which the D-T reaction rate increases substantially, thus facilitating the
achievement of high values of the power gain factor, Q = PTN/PH ^ 1 (PTN is the
thermonuclear power, and PH is the heating power). An analysis shows that a source
of neutrons can be realized in a stellarator system with Ap ;£ 2.5 for /3 :£ 5%,
N S 3 and a temperature of the plasma cold component, T;, = 4 keV [3]. The
required heating power reaches PH » 30-50 MW at a field of B = 5-6 T. Most
appropriate for a demonstration device is the region of N = 0.7-1, Ap «= 10, B ~
6 T for /3 :£ 3% and PH = 30-40 MW [2]. Densities of N > 1.5 make a demon-
strative device with A p s 5 possible, but the problem of having to introduce high
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RF power of 100 MW arises. The plasma radius for both systems is a,, «
0.5-0.6 m. Here, Ap is the plasma aspect ratio and N is the plasma density in
10l4 cm"3. However, the magnetic configurations and the transport and equilibrium
of the plasma in compact stellarator systems are still to be studied in detail.

This paper is devoted to the analysis of possible parameters of the next genera-
tion of devices based on the above-described systems.

2. PROPERTIES OF MAGNETIC CONFIGURATIONS

We have analysed magnetic configurations of the I — 2 torsatron with numbers
of field periods m = 4, 6, 9 and the torsatron formed by non-helical deformed rings
in which the number of periods along the major circumference of the torus coincides
with the number of periods along the minor circumference, m = 2, 3, 4. The calcula-
tions were carried out by numerical integration of the field line equations in which
the field values were calculated from the Laplace law.

When a winding is nearly equally inclined, the magnetic configuration of the
i = 2, m = 4 torsatron has a great volume of closed magnetic surfaces (ap/a = 0.6)
and a maximum angle of rotational transformation over the system length of t(ap) =
0.4 (Fig. l(a)). This system possesses, however, great toroidal (et « 0.4) and heli-
cal (€™x « 0.3) inhomogeneities, which deteriorate its confining properties. It is,
therefore, reasonable to regard it only as a basis for a neutron source for which the
requirements to the confining properties are not very rigid [3]. In such a system, the
confining properties can be improved by increasing Ap and m. Figures 1 (b) and (c)
show the magnetic surfaces of the ( = 2, m = 6 torsatron at various versions of the
helical windings: the equally inclined (a = a/R) and the anti-equally inclined ones.
In the latter version, the coefficient a in the winding law, 6 = m,, + a sin 6 +
0 sin 20, is negative (a = -a/R). If a = a/R, a greater angle and a greater useful
volume (t(Sp) « 0.8, 5,,/a « 0.66) are achieved, but the harmonic composition of
the helical field is, in this case, unfavourable from the point of view of optimization
of equilibrium and transport. The configuration with a = 0 [4] has a more favourable
harmonic composition. In this case, however, the useful volume and the angle are
decreased. Note that an interesting feature of the 1 = 2 torsatron is the possibility of
a modular design.

The geometry of helical windings and the magnetic configuration of extremely
steep m = 2, 3, 4 torsatrons with aspect ratios of A = R/a S: 1.0 to 1.5 have been
studied. Helical windings with the number of periods along the major circumference
of the torus equal to unity are studied [5-7]. In this case, they constitute a set of
deformed current rings, coupled mechanically to one another and located on the torus
surface (Fig. 2). In the extreme case, the helical winding may be represented by flat
circular rings. Such a torsatron is attractive by its simple design and the easy way
it can be produced. By varying the ring packing law, the A-value, the helical winding
ellipticity in the torus minor cross-section and the vertical correcting field, we have
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FIG. 1. Magnetic surfaces, rotational transform and magnetic well profiles in torsatrons with:

(a) 1=2, m = 4, a = 0.4;

(b) 1=2, m = 6, a = 0.4;
(c) 1=2, m = 6, a = -0.4.

obtained large relative radii of the boundary magnetic surfaces, ap/a « 0.4-0.5, for
angles of rotational transformation of t(a"p) * 0.1-0.3 and for surface ellipticities of
bp/5p « 1-4. The minimum value of the aspect ratios obtained in the plasma is Ap

= R/ap « 1.2. We have also investigated the magnetic configuration of a new
magnetic trap with rotational field transformation, which is remarkable for its sim-
plicity as compared with the known stellarator systems. It contains a compensating
poloidal winding and a set of mechanically uncoupled flat circular current rings
equally spaced along the circular cross-section of the torus and rotated around its
major radius by an equal angle of y = 35°-50° with respect to the equatorial plane
of the torus (Fig. 3). The magnetic configuration parameters in such a system can
be adjusted by varying the angle i. The specific features of this system are the spatial
magnetic axis, the decreasing dependence of t(r) and two families of magnetic sur-
faces: outer and inner ones with respect to the circular axis of the torus, with opposite
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FIG. 2. Schematic view of the magnetic configuration in a magnetic trap with a set of mechanically
coupled ring coils.

directions of the field line rotation. The outer, more stable configuration ensures
ap/a = 0.4-0.2 and *(Sp) « 0.1-0.6, respectively.

3. CONFINING PROPERTIES

At present, the following results have been obtained in stellarator systems:
r)TE ~ 10l2 cm'3-s at T; » 1 keV. It is only natural to try, for the next step, to
reach t)TE ~ 10l3 cnT3-s at Tj « 3-5 keV and @ « 3-5%. From this point of
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\

FIG. 3. Schematic view of the magnetic configuration in a magnetic trap with a set of mechanically
uncoupled ring coils and compensating poloidal windings.

view, the confining properties of the proposed systems were analysed by assuming
equal energy losses (200 MW) in their warm copper windings (Table I). The 1=2,
m = 4 torsatron, which is applicable as a neutron source [3], turned out to be unsuita-
ble to provide the required T;TE values. Therefore, £ = 2, m = 6, 9 torsatroris were
analysed. The third column of Table I gives the parameters of a system of eight
uncoupled rings; the fourth column shows the parameters of a system of non-helical
m = 3 coupled rings. The advantage of the first two systems are large values of
ap/a and t(a"p). The trap composed of inclined uncoupled rings is promising because
of its technical simplicity, and the m = 3 system of coupled rings owes its attractive-
ness to an extremely small aspect ratio.
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TABLE I. SYSTEM PARAMETERS

Parameter

R(m)

a (m)

5p(m)

<(SP)

A

\
12/Ap

e,

B(T)

Torsatron
1 = 2, m = 6

2

0.8

0.5

0.8

2.5

4

0.16

0.15

0.25

4

Torsatron
1= 2, tn = 9

3

0.8

0.5

1

3.75

6

0.16

0.15

0.16

3.3

Inclined rings
m = 8

1.5 (3)

0.7 (1.4)

0.16-0.2(0.32-0.4)

0.6-0.4

2.1

10-8

0.02

0.13

0.1-0.13

4

Coupled rings
m = 3

1.26

0.96

0.4

0.3

1.5

1.5

0.06

0.3

0.25

4

TABLE II. SYSTEM PARAMETERS

Parameter

r,(s)

Ti(s)

nrE (cnT3-s)

P(MW)

Torsatron
f = 2, m = 6

7 x 10'2

3.2 x 10"2

6 x 10'2

90

3

Torsatron
I = 2, m = 8

10"'

6.4 x 10"2

1.3 x 10'3

45

4.5

Inclined
m =

1.8 x

7.5 x

1.5 x

23

3

rings
8

10"'

io-2

1013

Coupled rings
m = 3

7 x 10"3

3 x 10"3

6 x 10"

164

3

TABLE III. SYSTEM PARAMETERS

Parameter m = 6 m = 9 W-VII CR-3

T (keV)

^E(S)

nrE (cm"3-s)

1.39

0.13

2.6 x 1013

1.39
0.195

3.9 x 10'3 2

1.59
0.1

x 1013

1

0.038

7.6 x 10'2
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Table II shows the parameters characterizing the confining properties of the
investigated systems at T i e « 3 keV and n ~ 2 X 1014 cm"3 calculated on the
assumption that the dependences Xi <* v\n and xe <* "e1 a s predicted by theory [8]
are valid. Extremely high heating powers are needed in order to obtain the necessary
plasma parameters in a system with coupled rings. High PH values are required for
this purpose in compact I = 2 torsatrons, as well. Here, a system with m = 9 is
preferable to one with m = 6. The lowest PH value corresponds to a system of
inclined rings with m = 8. However, this system has not yet been studied from the
point of view of ensuring plasma equilibrium.

When the heating power is limited to 10 MW for the same plasma density, the
mode of transport along the ion channel changes (x; <* efl). The plasma parameters
that can be reached in this case are given in Table III.

4. PLASMA EQUILIBRIUM

The equilibrium plasma configurations in compact systems were studied by a
technique which had previously been used for conventional torsatrons [9]. It differs
from other equilibrium codes by the possibility of studying the evolution of the mag-
netic surface destruction under the action of equilibrium plasma currents (finite /?).
The changes occurring in the magnetic configuration with each variation of /3 are
taken into account in determining, from them, the equilibrium currents and the mag-
netic fields in a self-consistent way. With increasing j3, the iteration procedure con-
tinues until the simple decrease in the dimension of the magnetic surface changes to
a splitting of the magnetic configurations into autonomous, approximately equal
families.

In the particular case of the compact torsatron (£ = 2; m = 6; R/a = 2.5;
R/ap « 5; a = a/R), a destruction of the magnetic surface by 20% (the radius of
the boundary magnetic surface compared with that of the vacuum magnetic surface)
under the action of the equilibrium currents occurs at /3(0) = 5%. In systems with
discrete ring conductors, the stability of the magnetic configurations with respect to
disturbances caused by the equilibrium currents is substantially lower.

It should be noted that the configuration of the system of discrete ring conduc-
tors is characterized by the main helical harmonic I = 1 and, as a consequence, by
a three-dimensional magnetic axis. Besides, in this system, even for the vacuum con-
figuration the existence of two magnetic axes and independent regions with closed
surfaces around them is observed. This circumstance constitutes an obstacle to the
investigation of the influence of equilibrium plasma currents on the destruction of the
magnetic configuration.
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Abstract

CONFINEMENT STUDY IN COMPACT HELICAL SYSTEM (CHS).
A study on currentless plasmas produced with 28 GHz ECH has been started in the Compact

Helical System with a plasma aspect ratio of 5. An electron density of n̂  = (2-6) x 1012 cm"3 and an
electron temperature of Te(0) = 300-800 eV have been achieved with an ECH power of 70-110 kW
in this low aspect ratio configuration. The electron energy decay time is in the range of 1 to 6 ms. A
preliminary analysis shows that the electron transport is primarily governed by neoclassical transport
in this parameter range.

1. INTRODUCTION

The Compact Helical System (CHS) [1] has been in operation since the end of
June 1988. It aims at studying energy and particle transport, MHD characteristics and
plasma-wall interaction of currentless plasmas of aspect ratios Ap as low as 5,
which is smaller than the values of Heliotron-E (Ap =11) , ATF-1 (Ap = 7) and
WVII-AS (Ap = 10). In the low Ap regime, a higher stability /? limit is expected
while neoclassical transport becomes worse because of the enhanced toroidicity.
Careful attention has been paid to a reduction of the error fields from the helical (HF)
and poloidal field (PF) coils since the physical phenomena in such a low Ap regime
have to be clarified. The existence of magnetic surfaces up to the expected outermost
surface has been confirmed by magnetic surface measurements by using an electron
beam and a fluorescent mesh. The dependence of the observed m = 2 island width
on the magnetic field strength, W <x Bj1/2, indicates that the main cause of the
island is not intrinsic to the machine [2].

On leave from Southwestern Institute of Physics, Leshan, Sichuan, China.
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TABLE I. MAJOR PARAMETERS OF CHS

Parameter

Major radius, R (m)

Average plasma radius, a,, (m)

Plasma aspect ratio, Ap

Multipolarity, I

Number of field periods, m

Pitch parameter, yc

Pitch modulation, a*

Field strength on axis, Bo (T)

Plasma current

Central rotational transform, i0

Edge rotational transform, ts

Pulse length

ECU

NI

ICRF

Value

1.0

0.2

5

2

8

1.25

0.3

1.5-2.0

0

- 0 . 3

0.8-1.0

2 s at 1.5 T

60 kW at 18 GHz cw
200 kW at 28 GHz 75 ms

200 kW at 53.2 GHz 100 ms

2-3 MW 40 kV (2 beam lines) 1 s

500 kW 7-13 MHz 30 ms
2 MW 40 MHz 30 ms

Table I shows the major parameters of CHS. A pitch modulation a* = 0.3 is
adopted to obtain low Ap magnetic surfaces. A pitch parameter 7C = 1.25 is deter-
mined as a result of an optimization of helical ripple and plasma-wall distance.

The magnetic field configuration can be varied by independent control of three
PF coils (out of four) to study the effects of magnetic well/shear, rotational transform
profile and magnetic axis location relative to the equi-B surface on MHD characteris-
tics and high energy particle confinement.

The plasma is mainly produced with a 28 GHz gyrotron. RF plasma production
is also being attempted. A gyrotron of 53.2 GHz and a neutral beam injector with
variable injection angle (from tangential to perpendicular) are being prepared.

2. EXPERIMENTAL RESULTS OF ECH

The 28 GHz gyrotron with ratings of 200 kW/75 ms is used for the production
and heating of a currentless plasma. A TEOi mode which is an almost equal mixture
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of O- and X-waves is injected through a circular waveguide. High field side injection
is possible by using a vertically oblique port inside the torus, resulting in a high one-
pass absorption efficiency for the X-mode since the right hand cut-off layer lies far
beyond the magnetic axis. The magnetic field configuration is selected so as to yield
the largest magnetic surface (ap > 20 cm), where the magnetic axis is located
inside 3.6 cm from the vessel centre and the rotational transform ranges from 0.31
(centre) to 0.95 (edge). The helical field ripple varies spatially from 1 % to 30%. The
field strength at R = 1 m is set to be 0.96 T for the reflected power to be minimized
as well as for the fundamental resonance layer to pass the magnetic axis.

Before the experiment, an effort has been made on wall conditioning by means
of ECR discharge cleaning (2.45 GHz/500 W) for more than 300 h, helium glow dis-
charge (250 V/1.5 A) and vacuum vessel baking of 100°C. The partial pressures of
m/e = 18 and 28 during the ECR discharge cleaning have decreased to two to three
times higher levels than those at the background level, with an ultimate pressure of
about 1 X 10"8 torr. Titanium or chromium gettering techniques have not been
applied.

Figure 1 shows the temporal evolution of plasma parameters. An ECH power
P^ of 75 kW is injected through the port for 34 ms. We use two kinds of gas puff:
helium and hydrogen. Helium is used during the ramp-up and ramp-down phases of
the main field in order to suppress runaway electrons while hydrogen is used to
control the electron density during the ECH pulse. The electron density measured by
a 4 mm microwave is kept below a cut-off density of 1 X 1013 cm"3 for the
0-mode. The dashed and solid lines indicate electron density evolution with and
without H2 gas puff, whose line average densities at t = 10 ms are 2.0 x 1012 and
4.4 X 1012 cm"3, respectively. When no H2 gas puff is applied, the plasma is
mainly composed of helium. The electron temperatures as measured by Thomson
scattering increase up to 400-500 eV and 700 eV for two cases of electron density
shown in the figure. The ion temperature, from O VI line broadening with a normal
incidence monochromator, is up to 70 eV for the lower density case. The ion temper-
ature profile near the boundary, from O V line broadening, is also obtained by a
space and wavelength resolving spectrometer. In spite of the satisfactory appearance
of the discharge cleaning effect, a radiation collapse takes place at the end of the
discharge when the ECH pulse length exceeds 40 ms. Because of impurity buildup,
the electron temperature begins to decrease to 200-300 eV; below this temperature,
a rapid radiation collapse occurs because of the positive feedback mechanism
between impurity radiation and electron temperature. The electron cyclotron emis-
sion near the second harmonic indicates good agreement of the temporal variation of
the electron temperature and that as found by Thomson scattering (Fig. 4), except
during the breakdown phase where the density is so low that the ECE signal may be
attributed to suprathermal electrons. The density decay after ECH turnoff has the
rather long time constant of about 40 ms, in spite of impurity accumulation. The
pyroelectric detector signal collected through a solid angle of 2ir is mainly composed
of radiation from the oxygen impurity (O III-O VI signals show a behaviour that is
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FIG. 1. Temporal evolution of ECH plasma parameters. P^ = 75 kW. Dashed line/closed circle and
solid line/open circle refer to cases with and without H2 gas puff, respectively. The electron tempera-
ture is measured at R = 98 cm, which is close to the magnetic axis. The ion temperature near the centre,
from O VI (1031.9 A) line broadening, is shown by open triangles for the no-gas-puff case.

similar to that of the pyroelectric signal). We show vacuum ultraviolet signals of
hydrogen (La, 1215 A) and oxygen (O III, 977 A) to demonstrate the effect of H2

gas puff and the influx of the oxygen impurity.
Electron temperature and density profiles from Thomson scattering are shown

in Fig. 2 at two times of the discharges shown in Fig. 1: during the early phase
(t = 11 ms) of the higher density case and the later phase (t = 23 ms) of the other
case. The centre of the electron temperature profile coincides fairly well with the
calculated magnetic axis at R = 96.4 cm. The calculated magnetic surfaces extend
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'95 [cm]
110

FIG. 2. Electron temperature and density profiles from Thomson scattering. Closed circles: at
t = 11 ms, with H2 gas puff; open circles: at t = 23 ms, no H2 gas puff.

up to R = 108.9 cm, where the rotational transform is close to unity. The profile
during the later phase shows temperature scrape-off near the boundary. This may
result from the radiation effect while effects of natural islands with m/n = 10/8, 9/8
and 8/8 concentrating near the boundary on electron transport should be considered.
The hollow electron density profiles have not yet been explained.

Soft X-ray spectra from pulse height analysis are shown in Fig. 3 for the dis-
charge with H2 gas puff. The electron temperature derived from PHA is consistent
with that from Thomson scattering. To explain the observed spectra, we incorporate
free-free, free-bound and line emissions of oxygen, iron (from the vacuum vessel)
and aluminium (from the support structure of the ruby laser viewing dump). The
effect of impurity transport is taken into account in terms of a dynamic time-scale.
Impurity contents of ~3% and 0.01-0.02% for oxygen and iron, respectively, and
a dynamic time-scale corresponding to a diffusion coefficient of ~ 1 m2-s"' can
account for the observed spectrum.
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(a)
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1 . 0 2 . 0
ENERGY Ck t

FIG. 3. Soft X-ray pulse height spectra: (a) temporal evolution; (b) comparison with calculation. The
model spectrum is in convolution with the energy resolution and the efficiency of the Si(Li) detector.
Impurity contents are adjusted so as to obtain agreement.

time Cms)

FIG. 4. Temporal behaviour of central electron temperature and density after ECH turn-off, measured
with Thomson scattering. ~he = 4 x 1012 cm'3; P^ = 75 kW. ECE signal is shown by solid line, for
comparison. Dashed line refers to nel value.
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To estimate the gross energy confinement electron time, Tgp, we applied a
short ECH pulse of about 10 ms duration and measured the temperature decay with
Thomson scattering and ECE, and the density evolution with Thomson scattering as
is shown in Fig. 4. The electron energy decay time, Tedecay, is determined from the
slope of the electron energy at the centre after ECH turn-off and is 3 to 4 ms for the
parameters studied (Te(0) » 400 eV, n̂  = 4 X 1012 cm"3). We estimate the impu-
rity radiation power in the 0-10 keV range to be as small as several kW just after
ECH turn-off, taking account of the impurity concentration derived from soft X-ray
PHA. The decay times are estimated to be 1-2 ms and 5-6 ms for the following
parameter ranges: He = 2 x 1012 cm"3/Te(0) = 800 eV and n,. = 6 x 10n cm"3/
Te(0) = 300 eV, respectively.

3. DISCUSSION AND CONCLUSIONS

A simplified analysis of the gross energy confinement time of electron, 7&?,
has been made by using Kovrizhnykh's neoclassical transport theory [3]. The time
T{£°, defined by the stored energy divided by the neoclassical flux, is estimated at
r = a/3-a/2. The electron temperature and density profiles obtained experimentally
and the helical ripple and rotational transform profiles are taken into account in the
analysis. The temperature ratio Te/T; is set to be 4 to 8. The energy flow from elec-
tron to ion is, however, neglected. The analysis shows that the agreement between
7E!° (2-4 ms) and Teiecay (1-2 ms) is roughly within a factor of two for the lower
density case. Considering that the power transferred from the electrons to the ions
via binary collisions, Pei, should be taken into account along with radiation loss in
deriving Tgp, we see that qualitative agreement can be obtained. Spatial profiles of
the O V Doppler shift with the space and wavelength resolving spectrometer show
that the absolute value of the poloidal rotation speed is less than 5 x 103 m-s"1.

In conclusion, we may say that plasma parameters of n,, = 2 X 1012-
6 x 1012 cm"3 and Te(0) = 300-800 eV are obtained in the low Ap magnetic con-
figuration, and the gross electron energy confinement time is estimated from the
electron energy decay after turning off the ECH pulse. Comparing the experimental
results with those from the simplified analysis based on neoclassical transport theory,
we obtain qualitative agreement between the two sets of data.
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Abstract

CONFINEMENT DYNAMICS AND BOUNDARY CONDITION STUDIES IN THE REVERSED
FIELD PINCH.

The study of confinement dynamics, including investigation of the boundary conditions required
for plasma sustainment, is central to the development of the reversed field pinch concept. Recently,
several insights into confinement have emerged from a detailed investigation of RFP electron and ion
dynamics. These insights derive from the recognition that both MHD and electron kinetic effects play
important and coupled roles in RFP stability, sustainment, and confinement. In the paper, the results
of confinement studies on the ZT-40M experiment and boundary condition studies on the Wisconsin
non-circular RFP experiment are summarized. A brief description of the newly commissioned Madison
Symmetric Torus (MST) is also presented.
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1. CONFINEMENT STUDIES ON ZT-40M
1.1. Ion Dynamics

In present ohmically driven RFPs, the electron-ion equilibration time is gen-
erally greater than the ion particle confinement time, and hence the ions are not
expected to heat strongly through classical ohmic processes. For example, one di-
mensional transport simulations, where ions are heated only by equipartition with
150 eV electrons, predict an ion temperature of a 25 eV during a sustained 120 kA
ZT-40M discharge. However, observations from Doppler broaden.ing[l], time-of-
flight neutral particle spectroscopy[2], electrostatic neutral particle analysis^]1,
neutron emission rates[4], and ion implantation edge probe analysis[5] all indicate
that the ion temperature is comparable to the electron temperature. Further-
more, for some discharge conditions, the ions can attain temperatures of up to 1
keV, exceeding that of the electrons by a factor of four[4].

A non-classical or direct ion heating mechanism is therefore indicated, and it; is
hypothesized that this heating results from fluctuational activity in the discharge.
Within the context of MHD, the fraction of the total input power absorbed by
fluctuations is estimated to be Pp — l—r)K/r)W, where iiK and VJW are the globally
averaged plasma resistivities computed from magnetic helicity balance and energy
balance, respectively[6]. (No explicit measurement: of the spatial or power spectral
properties of the fluctuations is necessary for this estimate, since it derives from
the spatial dependence of J • B/£>2 in the discharge.) The power absorbed by
fluctuations can directly couple to plasma motion, for example, through tearing
and reconnection processes [7] with subsequent ion thermalization. Although this
coupling process is expected to be efficient, the precise mechanism is uncertain
and as such, Pp provides an upper estimate of the power available for direct ion
heating.

Evidence of fluctuation driven ion heating can be evoked from the operational
relation between T; and Pp as follows. For nominal discharges, where T; ~ Te,
PF is 0.2 to 0.3. That is, approximately one quarter of the input power directly
couples to the ions in order to maintain their temperature parity with the elec-
trons. This proves to be the approximate power input required to balance ion
losses as independently inferred by ion particle confinement time measurements,
assuming weak ion-electron collisional coupling. Furthermore, ID transport sim-
ulations of ZT-40M discharges concur that for T{ ~ Te, 25% to 30% of the input
power must directly heat the ions in order to balance losses dominated by ion
recycling.

Under discharge conditions that tend to enhance fluctuational activity, it is
possible to increase Pp above the level characteristic of nominal operation. For
these discharges, one might expect that because the ions are relatively decoupled
from the electrons, additional ion power absorption goes almost exclusively into

'In collaboration with P. G. Carolan and C. A. Bunting, C'ulham Laboratory, Eu-
ratotn/UKAEA Fusion Association.
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FIG. I. Ion temperature (TJ versus fluctuational power absorption (PF).

ion heating. Furthermore, if the global ion confinement, is not adversely affected,
the increased ion power absorption should be directly manifest as an increase in
ion temperature. This expectation is confirmed experimentally as shown in Fig.
1, where the increase in Pp is strongly correlated with measured increases in ion
temperature (by Doppler broadening). Concurrently, the electron temperature
(from Thomson scattering), total radiated power (from bolometry), and calcu-
lated plasma energy confinement time are observed to be relatively insensitive to
the increased fluctuational power absorption.

A global picture of ion dynamics thus emerges where fluctuation driven ion
heating dominates the relatively weak ion-electron collisional coupling. The fluc-
tuations can result from MHD driven dynamo activity, as well as from turbulence
caused by other instabilities. The importance of fluctuations in RFF ion dynam-
ics implies a coupling to the electron dynamics as discussed below.

1.2. Ion Transport

A number of possible transport mechanisms have been identified. These in-
clude classical transport, thermal transport associated with r^-mode turbulence,
resistive g-mode turbulence, convective transport induced by global MHD activity
associated with profile sustainment, and neoclassical transport.

Of these, classical cross-field thermal transport by ions [8] is an obvious can-
didate. Dynamical simulations [9] indicate that there may be a region with
moderately good flux surfaces near the plasma edge for which classical transport
(thermal diffusivity £>_u) could be meaningful. If ion confinement in the interior
were much worse than in the edge, then the edge region would determine the
effective global ion energy confinement time. For a "good" edge region of tliick-
ness fa, one can show that rx, « (3/)(6p ), provided that / < 1, A typical



422 SCHOENBERG et al.

computed value of rx; is a few milliseconds, which is only several times larger
than the inferred ion lifetime and the measured global energy confinement time
from all loss processes.

Turbulence arising from rn driven modes (77; = dCnTi/dCnn) may also limit
the confinement of ions. [10,11] While straightforward computation of the re-
sultant confinement time gives a value small compared to the experimentally
determined confinement times, it should be recognized that profile uncertainties
can greatly influence the estimated confinement time both because of the neces-
sity for T]i(r) to exceed a threshold value and because of the sensitive dependence
of thermal diffusivity on temperature (T; ). The absence of a marked decrease
in confinement during hot ion mode operation [4] suggests that the mode re-
mains inactive when one would most expect it to be present on the basis of its
temperature dependence.

Ions can also be lost, in principle, due to plasma convection associated with
resistive g-mode turbulence. Bhattacharjee and Hameiri [12] obtained the effec-
tive transport coefficient, Do = 77r|dp/dr|/Bg(d/i/dr)2, where n(r) = Rq(i') is the
pitch profile. Using simple profile models, and typical ZT-40M parameters, one
finds a confinement time of 700 ins, which greatly exceeds the observations. The
conclusion is that resistive g-mode turbulence probably has a negligible effect on
ion transport.

The reduced physics content of 3D MHD simulations, and the assumption, in
some of them, of instantaneous equipartition, allow enlightening qualitative rep-
resentations of dynamo physics and profile sustaiiunent. However, they do not
presently permit reliable quantitative estimates of plasma coiifiiieiiieiit. Neoclas-
sical transport is unlikely to play a major role in the RFP because the banana-
orbit width is on the order of an ion gyro-radius, so that neoclassical ion confine-
ment should be no worse than classical in the RFP.

1.3. Electron Dynamics and Transport - Experimental
It has been widely observed that a large fraction of power transport in the

RFP edge plasma flows asymmetrically[13-17]. The most striking evidence of
this asymmetry is in the damage patterns on limiters and walls, which indicate
strong preferential heating from the electron drift direction2. Recently, direct
edge plasma measurements have ascribed this asymmetry to parallel thermal
transport by energetic (long mean free path) electrons [14,16,18].

In ZT-40M, quantitative measurements of the edge plasma power flux were
made using a calorimeter-Langmuir probe[16]. These probe measurements show
that approximately four times more power flows anti-parallel to B than parallel to
B, and that the power flux along B is substantial (w 25 kW/cm2 at 1 cm interior
to the vacuum vessel wall). Electrically biasing the probe also indicates that the
power flux is primarily carried by electrons with an energy greatly exceeding the
edge plasma electron temperature.

2Along the local magnetic field B, and in the same sense relative to B as in the core of the
discharge interior to the reversal surface.
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FIG. 2. Plot ofnHOT (circles) and TH0T (squares) versus time showing the tendency towards saturation
after 4 ms. The error bar represents the random error contributions typical for both nH0T and TH0T.

Further quantification of the edge electron energy spectrum was made using
a specially designed electron energy analyzer[14,16]. The analyzer measures an
energetic electron tail that grows in intensity during the first 4 milliseconds of
the discharge, and then saturates. The energetic electrons move along B with a
toroidal sense opposed to the applied electric field force at the edge (exterior to
the reversal surface). Retarding potential measurements show that the energetic
tail is well fit by a half-Maxwellian, in that the tail electrons have a thermal en-
ergy distribution, but their flow is unidirectional along B. The time dependence
of the density and temperature of the tail distribution is shown in Fig. 2, for
a 110 kA discharge. For referetice, the central electron temperature/density and
background edge electron temperature/density are 200 eV/2.4 • 1019 m~3 and
20 eV/8 • 1018 m~3, respectively. At 5 milliseconds, the energetic electron tem-
perature is in the 300 to 400 eV range, with a density of a few per cent of the
background.

Because of geometrical effects inherent in the analyzer design, an accurate
determination of the total energetic electron density is not possible from the an-
alyzer data alone. That is, the analyzer can only accept electrons with a perpen-
dicular energy of less than 80 eV. However, if the energetic electron temperature
perpendicular to B is comparable to the parallel temperature, the power flux car-
ried by the energetic electron distribution can totally account for the asymmetric
power flux measured by the calorimeter-Langmuir probe. The energetic electrons
also carry a net current density that is comparable to the total current density
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in the edge plasma as independently measured by internal magnetic probes[19].
Even at a perpendicular temperature of 20 eV, the energetic electrons can still
carry 30 % of the total plasma current in the edge regioii.

Supporting evidence of energetic electron transport has also come from sev-
eral additional measurements. During pellet injection, the pellets undergo strong
deflections throughout the discharge volume. The deflections have been suc-
cessfully modelled by asymmetric pellet ablation that results from the electron
power flux along B[20]. An electron target experiment, where a copper target
was inserted in the edge plasma and viewed with surface hairier diodes, further
confirmed the directional asymmetry and high energy characteristics of the inci-
dent electron fiux[21]. Finally, a fast infrared camera was used to monitor the
temporal temperature distribution on the face of a limiter during plasma inser-
tion. The limiter's thermal distribution showed strong preferential heating on
the side intercepting the energetic electron flux[21].

The edge plasma data supports tlu~ee major conclusions. First, the power
flux asymmetry in the edge plasma is principally due to energetic, long mean free
path electrons that flow along B. That is, collisionless, parallel transport largely
determines electron confinement in the RFP edge plasma3. Second, there is good
reason to hypothesize, based on pellet injection behavior and supporting mod-
elling, that collisionless, parallel transport significantly contributes in the pinch
interior as well. Finally, the energetic electrons, as measured by the analyzer,
carry a substantial fraction of the total edge plasma current.

1.4. Electron Dynamics - Interpretations
Interpreting the experimental data and associated conclusions, with a view to

understanding RFP electron confinement, requires adopting a model of electron
transport. One useful model[23,18], which is consistent with the collisionless,
parallel transport observations described above, is based on the electron thermal
conduction theory of Rechester and Rosenbluth [24]. hi tliis model, electrons are
accelerated by the applied parallel electric field (JSy = E • "B/B) in the core region
of the discharge where EH is maximized. A low level of magnetic field stochastic-
ity, driven by magnetic field fluctuations, then allows the energetic electrons to
transport across the mean magnetic fields.

Within the context of this model, the underlying physical processes that
drive the electron transport become qualitatively transparent. Electrons accel-
erated in the core will retain their directed velocity over a radial extent Ar «
[2AD^V||/ti]1^2, where Dp is the magnetic diffusivity, X is the electron mean free
path for cumulative 90° scattering, v is the electron speed, and electron guiding
center orbits closely follow field lines keeping vy = v • B / B approximately con-
stant. The A oc v4 dependence enables faster electrons to traverse most of the
plasma radius without losing their velocity (t>||) attained in the core. For exam-
ple, it is estimated that in the core of ZT-40M, Ar is approximately equal to

3In agreement with the conclusions of earlier fluctuation based studies on the HBTX-lA
experiment[22].
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the minor radius for electrons travelling at greater than twice the thermal speed
(vy > 2^/2kTe/me)[23]. Tliis provides a simple mechanism for the production of
fast, directed electrons that reach the edge plasma[18].

It should be noted that other models based on MHD[25], tangled field lines
[26,27], or plasma sheath effects [28] can also produce strong edge currents. All
of these models can explain aspects of electron transport, including non-classical
contributions to the toroidal loop voltage caused by edge effects[25,28,18]. How-
ever, the various models are distinguished by their respective electron acceleration
processes. The kinetic electron model is emphasized here, because it is a strong
candidate to produce the energetic (300-400 eV), directional, current carrying
electrons observed in the cool (20 eV) edge plasma.

For collisionless, parallel transport, the effective radial particle diffusivity D,
which is essentially equivalent to the effective radial electron thermal diffusivity
(,\e)> is given by the simple relation D = Dp | uy |. The magnetic field line
stochasticity, DF, is directly related to the magnetic field fluctuations in the
sense that Dp ~ {SBr/B)2Lc, where SBr is obtained from a RMS sum over the
fluctuation spectrum and Lc is the correlation length of the fluctuations along
the unperturbed field direction[24,29]. For typical ZT-40M values, the electron
thermal transport is consistent with D « 3.3 -106 cm2/s, Dp ~ 1.5 -10~3 cm,
and, self-consistently, 5Br/B ~ 1 % (assuming Lc « a [22]). Because D is a linear
function of |t>|||, electrons with large |v||| will dominate parallel transport, while
low energy electrons may be confined by an electrostatic ambipolar potential.
Although a statistical model is used above, any non-linear mode coupling leading
to ergodic electron trajectories will produce parallel electron transport across
some or all of the plasma.

Further quantification of electron transport, in the form of a demonstrable
scaling law, requires identifying the underlying mechanisms that drive the field
stochasticity. Even then, relating the saturated state fluctuation levels to the
Lundquist number S (S = TRetistiveITAlfven) is difficult. For example, prelim-
inary analytic work on the turbulence associated with current driven resistive
tearing, and based on an assumed balance of linear m = 1 growth with non-
linear coupling to m = 2 modes, predicted f>Br/B oc 5~1/ /3. This residts in
confinement where \e <x (< u|| > /o)S~2^3, and where the electron beta drops as
a function of the confining field[30]. However, subsequent numerical calculations
have indicated that (SBr/B)m-\ is virtually independent of S[ll]4. In the same
spirit, analytic investigations of turbulence associated with electrostatic resistive
g-modes, where 6Br/B <x S"1/2 , result in an electron confinement condition in
which Xe oc rj/32/a2, and the electron 0 is constant [29,12]. Thus, although there
exists substantial evidence supporting collisionless parallel transport, the under-
lying physics remains quantitatively uncertain. Nevertheless, it is important to
note that collisionless, parallel transport and related scaling can satisfy reactor
projections[31], provided Dp scales appropriately with S.

4The inclusion of additional physical processes, such as a temperature dependent viscosity,
may further mitigate these results.
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The fact that energetic electrons caiTy a significant edge (and possibly core)
current strongly implies that they play an important role in global RFP sustain-
ment, and general MHD discharge stability. Tliis, combined with the perspective
that MHD "fluid" processes are essential in determining the character of electron
transport, qualitatively implies a strong coupling (via 8B/B) between the elec-
tron dynamics and related ion dynamics described above. What is difficult to
assess quantitatively, is the self-consistent combined role of electron kinetic and
MHD process in global RFP confinement. This understanding is needed to sup-
port scaling projections for confinement in future RFP devices, including RFX
and ZTH.

2. CONFINEMENT STUDIES AT WISCONSIN

2.1. Poloidal Divertor Studies
In order to investigate the dynamics of an RFP located far from a conducting

wall, a four-node poloidal divertor configuration was studied on the Wisconsin
non-circular RFP experiment. The plasma was localized far from the wall by the
limiting action of a magnetic separatrix, formed by the combination of toroidal
currents in the plasma and four divertor rings. The plasma dimensions were
relatively large, with a 1.39 m major radius, 0.35 m average plasma minor radius,
and 0.56 m average wall minor radius. A typical theoretical equilibrium flux plot
is shown in Fig. 3.

Using aided reversal, RFP plasmas were formed with currents of 135 kA,
toroidal field reversals lasting ~ 1 ms, line-averaged densities of ~ 1 to 2-1019

m~3 and central electron temperatures of ~ 55 eV. However, a large station-
ary asymmetry in the magnetic field {iB/B ~ 40%) developed at rouglily the
time of toroidal field reversal at the wall. This asymmetry had mainly an m=l,
n=5 characteristic. In contrast, the early non-reversed portion of the divertor dis-
charge, and large non-circular RFP discharges formed in the same device without
divertor rings[32] were symmetric.

If the tenuous plasma region outside the separatrix is "vacuum-like", then it
is plausible to expect that MHD stability results for a cylindrical plasma bounded
by a vacuum region, with a distant conducting wall, are relevant to this config-
uration. Indeed, a plasma with a vacuum layer thickness of 60 % of the plasma
radius (equivalent to the diyertor configuration) might be linearly unstable to
m=l , current driven modes[33]. Also, non-linear MHD numerical simulations of
a cylindrical RFP with a distant conducting wall indicate the fluctuation dynam-
ics are dominated by large-amplitude, internally resonant m=l modes[34]. The
failure of the poloidal divertor plasma to obtain a symmetric, RFP-like equilib-
rium may be due to excessively large MHD instabilities occurring late in the RFP
setup phase that result from the lack of a nearby stabilizing conducting boundary.

2.2. The Madison Symmetric Torus

Future RFP confinement studies at Wisconsin will be performed on the new
Madison Symmetric Torus (MST). MST is significantly larger than other existing
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(a)

(b)

FIG. 3. Equilibrium poloidalflux plots for (a) the four-node poloidal divertor RFP and (b) the Madison

Symmetric Torus.

RFP devices, with a major and minor radius of 1.5 m and 0.52 m, respectively
(Fig. 3). It also incorporates an unconventional design in that a single 5 cm tliick
aluminum torus serves as the vacuum vessel, the toroidal field winding, and the
conducting shell, which facilitates disassembly and diagnostic access.

The design necessitates voltage gaps exposed to the plasma for both the
toroidal and poloidal fields. These gaps are protected by special ceramic in-
sulators which have proven reliable for up to at least 200 volts. Field errors at
the gaps are reduced by special flanges and precise placement of the poloidal
field primary winding. (The poloidal field winding is tightly wound around the
2.0 volt-second iron core.) A distributed winding is also used to reverse-bias the
iron core which results, in less than one gauss of error field in the plasma volume.
The vessel is pumped by a manifold through an array of 193, 3.8 cm diameter
holes in order to minimize field errors that would otherwise be produced by large
pump ports. The magnetic islands produced by all the residual errors should be
limited to less than one tenth of the minor radius, and distortions at the plasma
surface to less than one centimeter.

The MST began operation in June of 1988, and to date has achieved RFP
discharges up to 400 kA for 10 msec. Work is still under way in improving
the base vacuum, wall cleanliness, pre-ionization and field error minimization.
Expected MST performance ranges between 400 kA and 1 MA for up to 40 msec,
depending on RFP confinement scaling. MST research will focus on investigating
RFP boundary condition physics, with imtial experiments planned to test the
effect of plasma proximity to the wall using movable toroidal rail limiters.
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Abstract

REVERSED FIELD PINCH CONFINEMENT AND STABILITY WITH THICK AND THIN
SHELLS.

A series of experiments has been performed on the HBTX Reversed Field Pinch, with a thick
shell, to study the effect, on loop voltage and confinement, of magnetic flux penetrating edge obstruc-
tions and the vacuum vessel. Considerations of edge magnetic helicity loss and separate energy flow
channels to heat the electrons and the ions from dynamo fluctuations can explain the observed loop vol-
tage and ion heating. Removing the graphite limiters gave, in accord with model predictions, low loop
voltage (< 10 V), high electron temperatures (to over 800 eV), reduced ion heating (T/Te < 1) and
increased the confinement time (up to —1 ms). Operating HBTX with a resistive shell (TW ~ 0.5 ms)
has led to the growth of new 'thin shell' modes which lock to the wall (i.e. are not rotating) as predicted
by linear and non-linear MHD theory. This resulted in a shorter pulse duration (up to 6 ms), the growth
of large radial fields (up to 20% just before termination), an increase in the loop voltage and enhanced
ion heating (TJTC ~ 1.5-2). In ultra low-q discharges the behaviour of thin shell modes is different,
with pulses limited by the voltseconds and T; — Te ~ 1 keV.
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1. Introduction

Investigations have continued on HBTX of the dependence of loop
voltage, ion heating and confinement on the magnetic flux
intersecting the walls Cl, 23. These studies have included both
the insertion of graphite tiles and the removal of the fixed
limiters. The latter yielded the best values of plasma
parameters yet reached on the machine, in agreement with
predictions from global magnetic helicity balance models which
have been used to interpret the results.

Since early 1988 HBTX (R/a = 0.8 m/0.26 m) has operated with a
thin (resistive) shell to study confinement and stability for
times longer than the shell time constant. Many of the
observations agree with theoretical predictions using linear and
non-linear resistive MHD theory.

2. Loop Voltage and Ion Heating

The observed variation of loop voltage with the magnetic flux
intersecting material objects such as walls and limiters suggest
that there is a non-Spitzer component of loop voltage, AV*. This
has been interpreted on the basis of magnetic helicity
dissipation in the plasma edge region [3], or at an electrostatic
boundary sheath [4] - in both cases helicity transport is
important. The effect could also be due to direct loss of
momentum carried by fast electrons to the walls, discussed using
the kinetic dynamo theory (KDT) [5].

When flux is intercepted by a wall global helicity balance gives
C4] AVA = A X O / T M ^ A , w h e r e A is the area intercepted and Ax the
potential difference between points where field lines enter and
leave the surface. The sheath model assumes parallel current
density supported by electron flow along lines entering the
surface and neutralised by ion flow across the lines to maintain
charge neutrality at the expense of electron momentum. This
gives rise to Ax, which extracts helicity, and produces AV^. For
a Maxwellian plasma,Ax ^ 1.8 kTe/e, where T e is the local
electron temperature; a value in agreement with the variation of
VJ, with equilibrium position.

In the KDT model electrons are accelerated by the toroidal
electric field in the plasma core and then move along stochastic
field lines to the walls. Electron-edge collisions absorb
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V*(V)

FIG. I. Dependence of Tl0/Te0 on V^ at constant 1$ (-220 kA), for data with tile insertion (a), after
limiter removal (x) and also no vertical field (V). The hatched area is from a power balance model

= o.29 (2.i vt/it n - ;;;.

momentum and contribute a non-Spitzer component of resistivity.
Hot electrons have been observed in the outer 20 mm of the plasma
in HBTX (thin shell operation) using the Los Alamos energy
analyser [63; the current density of electrons above 300 eV is **
50 kA/m2, corresponding to about 0.5% of the 20 eV edge density
of 8 x 1 0 u in-', determined by a double Langmuir probe. ZT-40(M)
shows similar behaviour.

Ions are heated more rapidly and to temperatures higher than can
be explained by equipartition with the ohmically heated
electrons. On HBTX, T</Te increases with insertion depth of a
movable graphite tile [7] and is correlated with V*. as seen in
Figure 1. On ZT-40CM), measurements using the Culnam Neutral
Particle Analyser (NPA) indicate that high ion temperatures can
be associated with increased fluctuation levels [8] and on both
machines the ion energy content increases with tile insertion.
To explain these observations, two energy flow channels are
postulated, one, ohmic heating of the electrons, the other, ion
heating through dynamo fluctuations, possibly mediated by
parallel ion viscosity and/or particle recycling. Tile insertion
can enhance the second channel.
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The results can be explained by attributing ion heating to the
difference between total and ohmic power inputs C7D:
<£>.<!> - <nJ2> = - <& x &>.<i>, where <E> is the mean field
associated with v^, <j> the mean current density, and n. the
resistivity. Theory and experiment are seen to agree (Fig.1).
Calculated electron and ion radial temperature profiles are
consistent with experimental estimates based on NPA and
fluorescent scattering data.

The power input due to the dynamo can be shown to consist of two
parts, one available for ion heating, and the second a Poynting
flux:

Even without viscosity, particle recycling could by itself
account for the observed ion heating, partly through the work
done in overcoming the drag exerted on the plasma by newborn,
cold particles, and partly through an interchange of energy
between fluid motion and heat in a fluctuating
compression/expansion process. Recycling also gives rise to an
extra resistivity which could be important at low density. The
fully relaxed state is unachievable with recycling on this
model.

3. Improved Confinement Operating without Limiters

It was predicted using the helicity balance models that the 156
graphite tile limiters projecting 1 cm into the plasma contribute
8-15V to Av^. When they were removed [1], AV^ fell from *• 20V to
^ 10V. This is illustrated in Fig.2, where the dependence of V*
on 1^ is shown before and after limiter removal. Both data sets
are taken over a narrow range in Te and fit a relationship VA =
AV,*, + IA Q C where the slope Qc, is the classical (Spitzer) bulk
plasma resistance, and the ordinate intercept is AV*. The value
of Qc (65 ± 10 uQ) agrees with that determined from the measured
values of Te and Ieff.

Other changes in plasma parameters without limiters include, at
the same density, an increase in T- by about 30% (to over 800eV
in some cases), a corresponding fall in T^ by the same amount and
a rise in Z e f f from ^2 to £3. Energy confinement times rose to
•^0.5ms (increasing inversely with the fall in VJ,). Depending on
model assumptions the longest value T E e could be between 1 and 5
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F/G. 2. Dependence of V^ on /0 at fixed Te, before and after limiter removal. A reduction in AV^ of
10 ± 3 V with limiter removal is determined from the ordinate intercepts, and the Spitzer resistance
(~ 65 (id) from the slopes.

msec. In conditions with the lowest V* of 8 V a suprathermal
component (£l% of the bulk population) in the soft X-ray spectrum
was observed (IA -V 80 kA, ne y 3 x 10

1* rrr\ T e * 600 eV). This
provided further indication for improved electron particle
confinement.

Coherent, large amplitude, low frequency (̂  1kHz) oscillations in
T e seen in soft x-ray emissions, were observed when the
resistance was close to its lowest value and were associated with
an m = 1, In I = 5, non-rotating magnetic oscillation. The
oscillations in T e were in anti-phase with those in Tj suggesting

P ( ) d i 10 th l tconstant
e j

and since tei ^ 10 msec, they also suggeste i

non-coilisional ion heating.

The residual value of AV\ of typically 10V is attributed to
irregularities in the bellows liner and to fluctuating radial
magnetic fields, &r. due to instabilities, intersecting the
liner. A smooth, highly conducting close fitting first wall 1s
being developed; calculations indicate a six-fold reduction in &r
for a wall made of graphite backed with copper.

4. Thin Shell Experiments - General

HBTX has been modified by fitting a thin shell with measured
vertical field time constant T W = 0.5 ms. The attraction of the
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iron core is suppressed by a 6-turn copper foil bandage and
pre-programmed equilibrium to better than 5 urn during the current
flat top is provided. Typically, 8 *v- 1.5 - 1.8. F t -0.2 - -0.4,
and there is a correspondingly narrower current profile.

Pulse lengths (ip) are 3-6 ms, 6-12 times tw, similar to OHTE [9]
compared to discharges lasting more than 10 ms on HBTX1B with the
thick shell. The observed limit in tp appears to be associated
with the growth of gross magnetic modes. The density (2-3 x 101'
nrJ) is ^ 30SK higher than in thick shell experiments with T e
lower at 200-250 eV, and Ti higher at 400-450 eV. The loop
voltage has risen at 175 kA from t 20 V with the thick shell to -v.
65 V due to an increase in both Spitzer and non-Spitzer
components. The radiated power is a similar proportion (̂  12%)
of the ohmic input and Zeff remains ^ 3.

5. Thin Shell Stability Theory

The MHD stability of 'thin shell1 modes (i.e. of modes that only
exist due to the finite conductivity of the shell) has been
analysed [10]. With a perfect shell the parameterised
y (= B.curl B/B1) profile y = f^Q Q - (̂ )a] exhibited a region
of parameter space that was stable to all ideal and tearing MHD
modes [11], The stable region was determined by internally and
externally (with respect to the reversal surface) resonant
tearing modes, and thick shell RFPs appear to operate close to
marginal stability of the internal modes. Stability to these
internal modes is still possible with a thin shell (on a curve
shifted to the right in 6 0 - a space) and assuming the experiment
continues to operate on or near this curve then instability to
other thin shell modes is to be expected. Both m - 0 and m = 1
(externally resonant) resistive thin shell modes can grow on a
timescale **» tw/10, with an intrinsic Lundquist number dependence,
but would in principle be stabilised by modest bulk plasma
rotation. Ideal thin shell modes that are externally
non-resonant (i.e. positive toroidal wavenumber n for an RFP)
with m * 1, 0 $ ka $ 1, k » n/R (0 £ n $ 3 for HBTX) are
similarly always present and dominate at high 9. At lower 8,
thin shell ideal modes internally non-resonant (i.e. negative n)
with m = 1, 0 > ka > - 8 0 (the lower bound gives 'on-ax1s*
resonance and n ^ -5 for HBTX) have faster growth rates for this
model. Growth rate versus n number for these modes is shown 1n
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FIG. 3. Normalized ideal growth rates for profiles of form ft = (28,/a) [1 — (r/a)aJ.

Fig 3. All the non-resonant thin shell modes are locked to the
wall and would have negligible dependence on Lundquist number.

Preliminary non-linear single helicity calculations using the
Strauss reduced equations show that the 'on axis' ideal mode
grows to large amplitude in •v 20 xw and that the rotation of
resonant thin shell modes is strongly damped due to the resistive
drag from the wall. The slowing down time in HBTX is estimated
at some tens of microseconds.

6. Thin Shell Magnetic Measurements

Compared to the thick shell discharges low frequency activity is
more prominent and the edge magnetic field fluctuations are
stronger. During sustainment. the amplitude of the higher
frequency fluctuations (f>5KHz) is about 2-3 times larger at
I&I/B-, % 2-3%. The ratio of lferl/lfeel for the low frequency
activity has also increased from ̂  0.5 to ̂  2 confirming the thin
shell nature of this activity.

A comparison was carried out between the observed unstable modes
and those predicted by thin shell theory. In particular^ = 1
modes rotate slowly (•*• 100 m/sec) or not at all and tend to be
phase-locked to the wall, in contrast to thick shell experiments,
when they were rotating rapidly. Toroidal mode analysis yielded
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FIG. 4. Power in the dominating n modes (m = 1, Be) as a junction of time.

clear evidence for three principal groups of m = 1 modes with n =
(-5 to -7), (2 to 3) and (9 to 11), which varied somewhat from
one discharge to another. The externally non-resonant m = 1, n =
2 mode predicted theoretically is prominent and the m = 1, n = -5
may correspond to the on-axis mode although the n = (9 to 11)
group was not expected from ideal theory (which neglected the
thin shell n = 10 structure and the vacuum region between plasma
and shell). Fig.4 shows the measured power in the dominant
n-modes as a function of time for a typical discharge. Many of
the predicted modes (Fig.3) can be identified. Following a brief
quiescent period (•»- T W ) and a prompt growth, the mode amplitudes
increase with an e-folding time of 1.6 ms (^3 T W ) to large
values prior to termination (I&QI/BO ̂  2% to 20%). Termination
may be caused by the rapid increase in plasma resistance
associated with fer penetrating the liner.

Since the growth time of-the modes which appear to drive
termination is longer than T W external control may be possible.
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This has been tested by fitting a (passive) secondary shell
outside the windings at 1.6a with a time constant T W 2 v 5 ms. A
reduction in the growth rate of the m = 1, n = 2 mode to t 40%,
expected from linear theory, is observed experimentally.

However, the growth rates of higher n modes are reduced by
factors larger than expected from linear theory indicating
non-linear effects. Pulses are typically a factor of two longer
with the secondary shell up to a maximum of 10 ms.

HBTX has been operated with ULQ (q ^ 0.5) and flat top B*, at
80-260 kA. Although RFP features are observed the plasma
lifetime is not limited by thin shell modes in the same way, and
can be extended by increasing V*. For example,raising V^ from
70-130 V extends the pulse duration from 5 to 10 msec, with q
unchanged)the fluctuation level also increases. Ion and electron
temperatures of about 1 keV are observed at low density and there
is a high resistance anomaly.

7. Conclusions

The dependence of loop voltage on the magnetic flux penetrating
the plasma-wall boundary has been interpreted in terms of edge
magnetic helicity loss. The observation of hot electrons near
the edge indicates that the direct loss of electron momentum is a
possible contributing mechanism. The prediction that the removal
of the fixed limiters from HBTX would lead to a reduction of
8-15 V in the additional (non-Spitzer) loop voltage was confirmed
with a measured decrease of 10 ± 3 V. This was accompanied by an
increase in electron temperature (maximum value 800 eV) and an
increase in T E to > 0.5 msec; the value of TEe (electrons) is up
to 1-5 msec.

Ion heating appears to correlate with the loop voltage, rising
with tile insertion and falling with limiter removal. To explain
this, two energy flow channels are postulated, one, ohmic heating
of electrons, the other, ion heating through dynamo fluctuations.
The results agree with model calculations.

When the lifetime of the plasma exceeds the time constant of the
conducting shell ( T W ) , new 'thin shell

1 instabilities are
predicted which are phase locked to the wall (i.e. not rotating).
This behaviour is observed experimentally and these perturbations
limit the discharge duration. The lifetime of ULQ (q ^ 0.5)



440 ALPER et al.

discharges can be extended to the voitseconds limit by raising V^
(fluctuations also increase) and values of T^ and Te •*. 1 keV are
reached.
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Abstract

TOROIDAL PINCH EXPERIMENTS IN OHTE WITH A RESISTIVE SHELL.
Reversed field pinch experiments (edge safety factor q^,. < 0) and ultra Jow q experiments

(0 < qedge < 1) were carried out in OHTE with a resistive shell. In the RFP experiments, active con-
trol of plasma equilibrium position greatly improved the reproducibility of discharges sustained over
10 ms. However, onset of simultaneous m=0 and 1, toroidally localized, locked MHD modes often
caused discharge termination. Their amplitudes seem to increase with (3. Ultra low q discharges were
sustained for up to 28 ms. The plasma exhibited a marked tendency toward constant current operation
at favored q, suggesting plasma self-organization. The first ULQ discharges to break the radiation bar-
rier are reported.

1. RFP EXPERIMENTS

The OHTE device (iZ0 = 1.24 m, a = 0.18 m) now has a thin re-
sistive shell with vertical field penetration time of 1.5 ms. After setting
up an RFP plasma within 2 ms, the plasma was maintained by firing
sustaining OH capacitor banks in sequence. With the recent installa-
tion of an additional sustaining bank and a chopper power system for
vertical field control, reproducibility of discharges sustained over 10 ms
was greatly improved. The equilibrium position was controlled within
1 mm of the desired position by pre-programming the vertical field coil
currents. Plasma characteristics were relatively insensitive to equilib-
rium position changes of a few millimeters from optimum. The longest
sustainment time achieved was 16.4 ms. Discharges tended to terminate
well before the device volt-second limit: the toroidal one-turn voltage
increased at some time during the discharges and the plasma current
started to decay afterwards. This decay often led to termination.

The voltage increase was typically tens of percent and preceded by
a growth of MHD activity. Analyses were made of the low-pass-filtered
magnetic signals obtained from the 128 pick-up loops, 32 toroidally by
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FIG. 1. (a) Example of RFP plasma current I, toroidal one-turn voltage V, and total energies ofm=0
and 1 low frequency modes; (b) toroidal field reversal time versus plasma density normalized by plasma
current; (c) RFP plasma resistance normalized by current dependence, VI°S, versus plasma density
normalized by plasma current, nil; and (d) plasma resistance R versus plasma current I for RFP dis-
charges. The reference line indicates R = (I/100)'15 for R in mQ and I in kA.

four poloidalty, covering the entire torus. The energies of both m=0
and 1 (internal) aperiodic modes \B\2 simultaneously increased prior
to the voltage increase. The energies of m = —1 (external) and |2|
modes also often increased at the same time. Each m mode consisted of
several n modes. They were toroidally localized and locked each other,
typically within one quadrant of the entire torus. The location varied
from shot to shot. Each mode energy typically increased for about 1 ms
and decayed thereafter. However, the voltage tended to remain high.
Figure l(a) shows an example of plasma current I, one-turn voltage
V, the total energies of m=0 and 1 low frequency modes. Both these
modes grow sharply a little after 4 ms. The voltage noticeably increases
around 5 ms, while the modes start decreasing.

A possible interpretation for the above is that the locked modes,
which efficiently connect the inside and outside field lines, flatten the
current profile, and stabilize the modes. But, parallel conduction cools
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the plasma and raises its resistance. This causes current decay. Under
this hypothesis, a discharge might last longer if plasma current were
forcibly maintained until the plasma had a chance to recover its tem-
perature. As a simple test, a large inductance was added in series with
the sustaining bank. The plasma indeed transited the high voltage event
and lasted longer.

The attainable discharge duration decreased at high density n.
Figure l(b) plots the toroidal field reversal time versus n/I. The plasma
current was varied up to 328 kA. The minimum attained plasma resis-
tance R decreased as J~3/2, as in the previous conducting shell opera-
tion [see Fig. l(c)]. However, the minimum attained resistance tends to
increase with the plasma density n. Figure l(d) shows the plasma resis-
tance normalized by the current dependence, VI1'2, versus n/I. Low
resistance discharges require n/I < 5 x 1014 m~3A~1, which is consis-
tent with the usual RFP density limit. Hard terminations were often
observed above a certain n/I, corresponding to j3p « 0.2, assuming a
flat pressure profile.

Plasma stability was studied by use of a Freidberg-Hewett resis-
tive MHD code with pressure. Both m=0 and 1 modes can be unstable
for Lundquist numbers 5 > 104. The growth rate normalized to Alfven
time 7TA increases approximately from 10~4 to 10~3 as j3p varies from 0
to 0.2, but has a weak dependence on S. The calculations show increased
growth rate for a steep edge current density gradient, in particular at
low (3P. This general trend matches the experimental observations, sug-
gesting the n/I limit may be associated with the (3 limit.

In summary, plasma sustainment was limited by a sudden increase
in one-turn voltage preceded by both m—0 and 1 locked modes. The
plasma characteristics deteriorated at high plasma density, suggesting
a possibility of the (3 limit.

2. ULTRA LOW q EXPERIMENTS

ULQ experiments were conducted with fixed toroidal fields up to
3.9 kG and plasma currents between 30 and 140 kA. Discharges were
set up by a capacitor that produced toroidal one-turn voltages up to
1000 V. Other capacitors were added sequentially to sustain the dis-
charges. Globally stable discharges were obtained and the plasmas ex-
hibited a marked tendency toward constant current operation at favored
q values. Figure 2 shows plasma current, equivalent edge q, and toroi-
dal one^turn voltage for a typical discharge at a field of 1.5 kG. They
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FIG. 2. Traces of plasma current, equivalent qedge, and toroidal one-turn voltage for a typical ULQ
discharge at a field of 1.5 kG.

behave in "staircase" fashion. During a plateau, the one-turn voltage
dropped slowly as the capacitors discharged. When the voltage fell be-
low threshold, the current suddenly decreased to the next plateau level.
The first plateau lasted for nearly 10 ms, much longer than the resistive
decay time of the current, and the total discharge durations up to 28 ms
were obtained. The equilibrium seemed to be sustained as long as an
adequate toroidal one-turn voltage was supplied.

The favored q values lie between major rational fractions (1, | ,
^, ^, etc.). The minimum plasma resistances occurred at edge q val-
ues slightly above these rational fractions and were comparable to RFP
resistances at the same current. The minimum resistances decreased
with increasing plasma current, nearly as I~3/2. The internal magnetic
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FIG. 3. Example of time evolution of ULQ q profile versus plasma minor radius.

field configuration was measured by inserting a magnetic probe verti-
cally at the geometrical plasma center. Figure 3 shows an example of
time evolution of q profiles versus plasma minor radius. During the
plateau phases with <fedge < 1> the profiles were almost flat across most
of the plasma and increased sharply near the edge (see traces at 5, 9,
11, and 14 ms). When q made a sudden transition, the q value tended
to increase in the interior region as well as in the exterior, as seen at
10 and 15 ms, suggesting m—1 kink activity [1]. For qedge > 1> the
q profile increased with radius, as in a typical tokamak. The relative
magnetic fluctuations B/B of the dominant mode (m = 1), as measured
just outside the vacuum chamber but inside the shell, are similar to or
less than those for RFP at the same Lundquist number S.

At 3.8 kG toroidal field and 137 kA plasma current faedge = 0.37),
the soft x-ray pulse height spectrum measurement gave 240 eV electron
temperature, well above the radiation barrier. The line average plasma
density was 3 X 1013 cm"3. This corresponds to total j3 « 0.04, poloidal
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/3p xi 0.26, and energy confinement time TE = 210 ^s, assuming a flat
pressure profile.

In summary, globally stable ULQ discharges were sustained for
times much longer than the plasma resistive time. The plasmas over-
came the radiation barrier and operated at favored (jedge-
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Abstract

SELF-ORGANIZATION AND CONFINEMENT OF HIGH CURRENT DENSITY RFP PLASMA.
The paper describes the experimental results on improved plasma parameters in STP-3(M) RFP

in the high current density regime (j < 5.3 MA-m""2). A mechanism of self-organization as well as its
influence on the enhancement of particle diffusion are discussed, with emphasis on the role of the
m/n = 0/1 mode.

1. INTRODUCTION

In STP-3(M) reversed field pinch (RFP) (R/a = 0.5 m/0.09 m) [1, 2], the con-
trol of perfect equilibrium with a quasi-stationary (DC) vertical field, along with the
coaxial double shell (DS), has resulted in a remarkable improvement of the plasma
parameters. The central electron temperature increases proportionally to the plasma
current, with the scaling coefficient as large as 6.2 eV-kA"1. The maximum temper-
ature attained so far is 0.8 keV for a plasma current of 130 kA. The energy confine-
ment time increases from 0.1 to 0.3 ms. These results support favourable scaling in
the high current density regime for a compact RFP reactor.

Self-organizing phenomena are clearly observed in controlling the perfect
equilibrium [3]. Results from experiments and numerical simulation have provided
a clear picture of the self-organization mechanism. At the same time, the role of the
m = 0 mode (m is the poloidal mode number) in the dynamo effect, which plays an
essential role in the self-organization process, has been demonstrated.
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FIG. 1. Dependence of electron temperature Te on plasma current Ip with and without vertical field.

2. IMPROVED PLASMA PARAMETERS
WITH PLASMA POSITION CONTROL

In STP-3(M) [1,2], equilibrium is provided by a thick conducting double shell,
together with a quasi-stationary vertical field for external control of the plasma posi-
tion [3]. Field errors at the shell gap in the DS are an order of magnitude smaller
than in the conventional single shell [3-5]. A high current discharge of moderate
duration was realized without external compensation of local field errors; in this dis-
charge the displacement of the plasma column remained less than 6 mm [2]. An
experiment on the control of the plasma position by a DC vertical field has revealed
that the discharge characteristics are rather sensitive to the equilibrium position. The
best confinement is realized for perfect equilibrium, where the displacement of the
plasma column becomes zero. The electron temperature increases proportionally to
the plasma current, as is shown in Fig. 1. The temperature has increased by a factor
of two for the same value of plasma current, and the maximum temperature obtained
so far is 0.8 keV for a current of 130 kA. The scaling coefficient with respect to the
current is as large as 6.2 eV-kA"1 and does not degrade in the high current density
regime (j < 5.3 MA-nr2). The central electron density is (1-5) x 1019 nr3; it does
not show any strong dependence on the plasma current. The plasma resistance
decreases with increasing plasma current to a minimum value of about 0.1 mJi at
130 kA. The maximum discharge duration has also increased by a factor of two, i.e.
from 3 to 6 ms. The flat profile estimate of poloidal beta is 0.25; the energy confine-



IAEA-CN-50/C-H-4-1 449

ment time is 0.3 ms. (In this estimate, T; = Te is assumed.) These results support
the favourable scaling in the high current density regime for a compact RFP reactor.

3. SELF-ORGANIZATION

In the Kyoto conference [2], we have reported that the dynamo action, which
plays an essential role in the self-organization of an RFP, is caused by non-linear
coupling of tearing modes with m = 1, n = 9-13, where m and n are the poloidal
and toroidal mode numbers, respectively, and that an increase in the toroidal mag-
netic flux is accompanied by a pulsed increase in edge density and emission of visible
light and soft X-rays. The pulsed components have an m = 0 structure [6, 7].

Recent results have provided a clearer picture of the self-organization and of the
role of the m = 0 mode. Streak pictures of the plasma column have revealed a pattern
of clear stripes, as is shown in Fig. 2. Figure 2(a) shows a picture taken in the poloi-
dal and Fig. 2(b) one in the toroidal direction. The figure indicates that the poloidal
structure of each stripe is dominated by the m = 0 mode. The m = 0 strucutre of
the visible light emission is also demonstrated in Fig. 3, which shows the time
behaviour of visible light measured by pin photodiodes through vertical and horizon-
tal ports in the same meridional plane. Each signal shows a periodic oscillation simi-
lar to sawteeth with frequencies of 50 to 100 kHz. There is no phase difference
between these signals; the m = 0 structure has thus been proved. Figure 2(b) also
shows that the stripes propagate from bottom to top, i.e. in the direction of the elec-
tron flow. Almost all stripes propagate with the same velocity as that of an increase
in the toroidal flux, whose dominant toroidal mode number is n = 1 [8]. Large distur-
bances, such as a burst of soft X-rays [7] and a rapid increase in edge density [6],
accompanying a pulsed increase in the toroidal flux, also show the m/n = 0/1 struc-
ture. Moreover, the mode spectrum of the magnetic fluctuations shows that a signifi-
cant amount of the fluctuation power distributes to the m/n = 0 / 1 mode, which is
plausibly excited through non-linear coupling of m = 1 tearing modes with neigh-
bouring resonant surface (An = 1).

A pattern of clear stripes can be identified after setting up the RFP configura-
tion, in a plasma with large magnetic Reynolds number S (S > 103). In such
plasmas, the dynamo works effectively and plays an essential role in self-organization
[9]. On the other hand, in a plasma with small S (S ~ 102), the stripes cannot be
identified in the streak picture, as was also the case with RFP plasmas produced in
a dielectric discharge tube [10]. The appearance of an m = 0 mode thus seems to
be one of the typical features of a high temperature RFP with good quality.

Numerical simulation using the improved three-dimensional non-linear resistive
MHD code [11] has shown that the m/n = 0/1 mode plays an important role in the
dynamo effect as well as in the self-organization. Figure 4 shows puncture plots of
two field lines at t = 180 TH, where rH is the Alfven transit time. The trace of these
field lines starts from two points with the same (r,z), but different 0 co-ordinates. In
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FIG. 3. Time history of visible plasma light measured by pin photodiodes through vertical (a) and
horizontal (b) ports in the same meridional plane.
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FIG. 4. Puncture plots of two field lines at t = 180 T//. (a) mln = Oil mode taken into account in
the calculation; (b) m/n = Oil mode excluded.

Fig. 4(a), fifty-eight (m, n) modes, including the m/n = 0/1 mode, are taken into
account in the calculation; the m/n = 0/1 mode is excluded in Fig. 4(b). With the
m = 0 mode, the field lines become highly stochastic, showing chaotic behaviour
throughout almost the entire region inside the reversal surface. On the other hand,
when the m = 0 mode is excluded, the stochastic region is highly localized near the
resonant surfaces. The m/n = 0/1 mode thus plays an essential role in the stochastiza-
tion of the magnetic field lines in the region of overlapping magnetic islands, because
of the tearing modes. The time evolution of the magnetic energy distribution on each
mode is given in Fig. 5(a) with an (b) without m = 0 mode. The results have shown
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FIG. 5. Time evolution of magnetic field energy of dominant (m, n) modes with (a) and without (b)
mln = Oil mode.
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that growth, saturation, and subsequent decay of the tearing modes take place periodi-
cally under the existence of m/n = 0/1 mode, which makes it possible to sustain the
generated positive toroidal magnetic flux. On the other hand, self-organization cannot
develop smoothly without the m/n = 0/1 mode.

4. INFLUENCE OF SELF-ORGANIZATION ON TRANSPORT

In the previous section, it has been shown that the m/n = 0/1 mode plays an
important role in the relaxation process or in the self-organization. The magnetic field
lines inside the reversal surface become highly stochastic when the m = 0 mode
exists. Experimental results have shown that the radial diffusion is enhanced [6], and
the resultant plasma-wall interaction is also enhanced [12], for discrete dynamoac-
tion, or, in the relaxation process, with emission of high energy electrons with ener-
gies of 2-8 keV [7] as well as with emission of high energy ions [13]. In this section,
enhanced diffusion due to the self-organization will be studied by using a Monte-
Carlo guiding centre orbit code [14, 15], along with the aforementioned MHD code.

Figure 6 shows the numerical results on diffusion coefficients for test electrons
with an energy of 1 keV versus time, for different /3 values and S numbers, where
/3 is the ratio of the plasma pressure to the magnetic pressure. In the calculation, the
background plasma density was 1 x 1014 cm"3, and the radial position was fixed at
r = 5 cm. Two groups of MHD fluctuation data, corresponding to j8 = 4.5% and
8%, were used, and each group included three subgroups of MHD fluctuation data
corresponding to S = 104, 105, and 106. As is seen in Fig. 6, a larger S number
yields smaller diffusion coefficient, reflecting the fact that, as S becomes larger, the
fluctuation level becomes lower. An increase in /? leads to an increase in diffusion.
For (3 = 4.5 %, the dependence of the diffusion coefficient on the S number decreases
gradually as time goes on, from stronger than D oc S"1/2 to weaker than D oc S"1/3.
For j8 = 8%, the S dependence becomes weak. The results are insensitive to
collisionality.

The dependence of the diffusion coefficient on the particle velocity v has also
been studied. The energy of the test electrons was varied from 700 eV to 4 keV. The
simulation results yield a D oc v dependence and, hence, agree with the theoretical
prediction given by Rechester and Rosenbluth [16] for the diffusion coefficient of col-
lisionless electrons under MHD fluctuations with high stochasticity. For ions, D was
smaller than for electrons by the square root of the mass ratio, as was expected.

The confinement time r for 10 keV electrons is estimated to be around
10 fis, with this model of anomalous diffusion (T = a2/4D, a = 10 cm,
D = 3 x 106 cm2-s"'). It is approximately equal to the experimentally observed
time delay of the onset of the burst of high energy electrons to the wall, behind the
pulsed increase in the toroidal flux [7]. The experimental results have also shown that
rapid loss of high energy electrons is usually accompanied by an enhanced loss of
high energy ions [13]. Measurements with an electrostatic probe indicate that the



454 SATO et al.
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FIG. 6. Electron diffusion coefficient De due to MHD fluctuation versus time calculated by a Monte
Carlo orbit code for different S and ft values.

average energy of ions transferred into the probe by dynamo action is much higher
than 1 keV, well above the level of electron temperature [13], suggesting direct
acceleration of ions by the electric field induced by dynamo action.

5. CONCLUSIONS

The confinement of STP-3(M) RFP plasma has remarkably been improved by
maintaining a perfect equilibrium by position control. The electron temperature
increases proportionally to the plasma current with a scaling coefficient of
6.2 eV-kA"1, which does not degrade in the region j < 5.3 MA-m"2. The maxi-
mum temperature attained so far is 0.8 keV for a current of 130 kA. The energy con-
finement time has increased from 0.1 to 0.3 ms. The maximum beta value (flat profile
estimate) is 0.25, on the assumption that T; = Te. These results support favourable
scaling in the high current density regime for a compact RFP reactor.

The mechanism of self-organization and its influence on plasma confinement in
an RFP have been studied both experimentally and theoretically. The m/n = 0/1
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mode, excited by non-linear coupling of tearing modes with neighbouring resonant
surfaces, is primarily responsible for generating a stochastic region of magnetic field
lines inside the reversal surface. As a result, the diffusion of the high energy electrons
is enhanced under MHD fluctuations with high stochasticity. It has been suggested
that high energy ions, which cause enhanced plasma-wall interaction, result from
direct acceleration by dynamo action.
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Abstract

EXPERIMENTAL AND THEORETICAL STUDIES OF REVERSED FIELD PINCH PLASMA IN
TPE-1RM15.

Experiments with two kinds of vacuum vessels having SUS and graphite limiters are performed,
and the plasma behaviour for the two cases is compared for a study of the effects of wall and limiter
materials on RFP plasma confinement. The dependence of the plasma parameters on the plasma current
and the 0-value is studied. The operation region is extended to a high current regime of up to
Ip ~ 190 kA with discharge duration of ~ 7.2 ms with the graphite limiter. The central electron tem-
peratures, T^Q, in the two cases are proportional to Ip (Ip < 160 kA), but the coefficients are different.
The degradation of T^ occurring in discharges with SUS limiter for Ip > 160 kA is not observed with
the graphite limiter. The ion temperature measured by C V Doppler broadening, Ti, is also propor-
tional to Ip. In discharges with a graphite limiter, T, is higher than in those with a SUS limiter, and the
ratio T./TJO increases. A significant difference between plasmas with SUS and graphite limiters is
observed in the behaviour of the electron density, i.e. it increases with Ip in the case of SUS limiters,
but saturates for graphite limiters. Consequently, the value of Ip/N varies over a wide range for the
graphite limiter, and the decreasing tendency of /3p is clearly shown as Ip/N increases. An explanation
for the relaxed states is given in terms of the energy principle for non-ideal plasmas. A new method
using a fast magnetosonic wave is proposed as non-inductive, steady state current drive.

1. INTRODUCTION

TPE-1RM15 is a reversed field pinch (RFP) machine of modest size (major
radius R = 0.7 m, minor radius at limiters = 0.135 m) [1]. The main features of
TPE-1RM15 are minimization of the error fields and equilibrium control by a DC
vertical field with pulsed cancellation inside the shell. It was reported at the previous
IAEA Conference (Kyoto, 1986) [2] that a reduction of the error fields at the shell

' College of Technology, Gunma University, 1-5-1 Tenjin-cho, Kiryuu-shi, Gunma, 376 Japan.
College of Science i
Tokyo, 101 Japan.

2 College of Science and Technology, Nihon University, 1-8 Kanda, Surugadai, Chiyoda-ku,
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cuts was necessary to obtain longer pulses, and that a reduction of the plasma-wall
interaction by equilibrium control resulted in an improvement of the plasma confine-
ment properties. These results suggest that, in RFP plasmas, the plasma-wall interac-
tion plays an important role with respect to the overall plasma performance and may
become a more serious problem in high current operation. To understand the effect
of the vacuum vessel materials and, in particular, of the limiter materials on the RFP
plasmas, a comparison between the plasma parameters with two kinds of vacuum ves-
sels is made. The wall/limiters are: Type-S: SUS-316L/SUS-316L; Type-G:
Inconel-625/graphite (POCO-DBP-3-2), covering 2% of the inner surface of the
vacuum vessels. The measurements are performed for optimum equilibrium posi-
tions, unless otherwise noted.

Theoretical work is described in relation to the experiments on TPE-1RM15.
An explanation for the relaxed states is given. A new method using a fast magneto-
sonic wave is proposed as non-inductive, steady state current drive in the RFP
plasma.

2. COMPARISON AND SCALING IN TWO KINDS OF VACUUM VESSEL

2.1. Macroscopic plasma behaviour

The plasma current is in the range of 75 kA < Ip < 170 kA for Type-S and
in the range of 80 kA < Ip < 190 kA for Type-G. The pinch parameter 6 (1.5 to
1.6) and the reversal parameter F (—0.2 to —0.1) are kept almost constant in both
experiments, for standard discharges. In Type-G, the plasma resistance changes from
350 /iJi to 220 ix9, after consecutive discharges (more than one thousand shots). In
Type-S, the plasma resistance takes a minimum value of 275 fiQ at Ip « 130 kA,
whereas, at Ip « 170 kA, this value is 220 /*Q for Type-G. In Type-S, a rapid
increase in the plasma resistance is observed during the latter half of the discharge
but in Type-G the resistance stays nearly constant. A long and high current discharge
(190 kA, ~7 ms) becomes possible. Zanom decreases from ~18 in Type-S to —13 in
Type-G, which is mainly caused by a decrease in the electron temperature.

2.2. Plasma current scaling

The central electron temperature, Teo, measured by Thomson scattering,
increases linearly with Ip in both vacuum vessels (Fig. l(a)), while the proportional-
ity coefficient changes from 4.0 ± 0.7 (eV-kA"1) for Type-S (Ip < 160 kA) to 3.0
± 0.5 (eV-kA"1) for Type-G. The degradation of T^ occurring in the high current
regime (~170 kA) of the Type-S is not observed in the Type-G. The value and the
dependence of T^ are confirmed by soft X-ray measurements with Si(Li) detectors
(-480 eV at Ip = 130 kA) in Type-G. The scalings of the electron densities in two
vacuum vessels are different (Fig. l(b)). In Type-S, the central electron density,
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FIG. 1. Plasma current scalings of (a) Te0, (b) ne0 and (c) Tt with Type-S (•) and Type-G (o). The
central electron density shown in arbitrary units (b) corresponds to ~1 x 1019 m'3/div. The error bar
represents shot by shot deviation.
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FIG. 2. Variation of ion temperature with $ for Ip = 130 kA. The relative amplitude of the poloidal
field fluctuations increases with 6 while the central electron temperature is roughly constant.

iieo, increases with Ip. However, in Type-G, it saturates and decreases gradually for
Ip > 130 kA.

The ion temperature as measured by CV Doppler broadening depends on the
plasma equilibrium position and, at optimum equilibrium position, is proportional to
Ip (Fig. l(c)). The ratios of TJT^ for the two cases are quite different: Tj/Te0 =
260 eV/700 eV for Type-S and 450 eV/500 eV for Type-G at Ip « 165 kA.

2.3. MHD activities and anomalous ion heating

The relative amplitude of the poloidal magnetic field fluctuation, SBp/Bp,
(mainly the m = 1 mode) decreases with the Lundquist number, S, as S"04±01,
which is close to the scaling of the tearing instability. The value of Te0 divided by
Ip is observed to decrease as 6Bp/Bp increases for various Ip.

The dependence of Ti,Te0 and 6Bp/Bp on the pinch parameter, 0, is shown in
Fig. 2 at Ip « 130 kA. The value of <5Bp/Bp and T; increases with 6, while T^ is
nearly constant. The correlation of T; with 6Bp/Bp may suggest the existence of an
ion heating mechanism associated with MHD activities [3], since the streaming
parameter, reduced from n^ and Teo, is roughly independent of 6.

2.4. Soft X-ray measurements

Signals of an SBD array (nine channels) show sawtooth-like oscillations, whose
period is -300 ps and whose fluctuation level is about 10% of the average during
the flat-top phase when Ip » 125 kA and 6 = 1.5. The dominant mode is
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FIG. 3. Soft X-ray SBD array signals including m = 0 mode, sawtooth-like oscillation and correlation
of spikes in channel 8 for 8 = 1.5 and Ip = 125 kA discharge.

preliminarily identified as m = 0 and n = 0. These characteristics are similar for
both vacuum vessels. The time-scale of the sawtooth-like oscillation is consistent with
the resistive kink mode. The observed m = 0 structure may be associated with a non-
linear interaction with multiple m = 1 modes [4-6]. The signal of channel 8, which
mainly looks at the electron drift side of the limiter surface, shows conspicuously
large spikes in the valleys of the sawtooth-like oscillations (Fig. 3) in Type-S. These
spikes are also observed in Type-G, but in a more moderate form.

2.5. Confinement properties

The plasma confinement properties such as poloidal beta, jSp and the energy
confinement time, rE, are estimated from the measured values of T^, T; and n^, on
the assumption of a parabolic plasma pressure profile. 0p seems to be almost con-
stant, - 7 % with Ip in Type-S, but in Type-G it decreases with Ip (10 — 5%).
When /3P is plotted as a function of Ip/N, it decreases with Ip/N for both types
(Fig. 4). In Type-G, however, it varies in a wider range since rieo saturates at high
plasma current (see Fig. l(b)).

The energy confinement time scales as i^0*0-3 in Type-S, but has a maximum
at Ip = 130 kA in Type-G. The particle confinement time as estimated from the
intensity of the Da line shows a positive correlation with rE. The radial profile of the
Da line is hollow in Type-S, but, in Type-G, it is rather flat, and the measured total
intensity of the Da line is larger by a factor of 2.5 in Type-G at Ip = 135 kA. The



462 SHIMADA et al.

0.00
"0.00 20.00

lP/N(10" l 4A-m)
• NEW V/V • SUS V/V

40.00

FIG. 4. Poloidal beta versus I/N for Type-S (•) and Type-G (a).

1 0 4 -

10°-

10*-

10

Fast Magnetosonic Wave

proton

cJci" ' /,

J7/
//I /

/// L

11

//
A C\

-8.0

t

10" 10',13

rie (cm",-3i

- I 0 2

-10

10"

FIG. 5. Wave dispersion curves as a Junction ofne and N, of small spectra showing high current driv-

ing efficiency and no density limit for perpendicular propagation.



IAEA-CN-50/C-II-4-2 463

FIG. 6. Numerical results for transition points to helical states plotted in F-8 diagram.

particle confinement time decreases by a factor of 0.6 in Type-G. Since the
bolometrically measured radiation fraction is small in both cases (less than 10%),
non-radiative loss is dominant, which should be related to the MHD activities.

3. THEORETICAL DEVELOPMENTS

3.1. Possibility of RF current drive in RFP plasma

It is proposed that the fast magnetosonic wave (FMSW) (1 < w/wci <
(nVm,,)m) is one of the most promising candidates for efficient current drive in an
RFP plasma, where (u^/a)^)2 > 1 is easily satisfied. FMSW has favourable charac-
teristics as follows: (i) FMSW propagates to the high density region with a small Nj
spectrum of 1.2 ^ Ny S 8.0 as is shown in Fig. 5. This means no density limit for
propagation and high current driving efficiency, (ii) As the frequency is lower, i.e.
towards ajci, transit time magnetic pumping dominates over Landau damping, which
also enhances the current driving efficiency, (iii) The absorption ratio of FMSW is
proportional to ~N\(upi/<j)c{)2, where N x is the perpendicular index of refraction and
N± oc (o)pL/a;ci), so that the electron damping path length across the plasma becomes
short in an RFP plasma, (iv) An alternative FMSW method may employ electron
Landau damping of a mode converted ion Bernstein wave.

3.2. Relaxed states in the TPE-1RM15 experiment

On the basis of the energy principle for a non-ideal MHD plasma, which allows
partial losses of helicity, mass and entropy during the finite relaxation time-scale of
interest, we obtain the equilibrium equation for the relaxed states in an orthogonal
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co-ordinate system [7] and numerically calculate a Suydam stable equilibrium config-
uration. The F-0 curve is obtained by assuming j = g(^) * B and g(\p) = 1 - [\j/ -
^w)/(^ax ~ ^w)]n. where tp is the poloidal flux. The result shows that experimental
F-0 curve in the quiescent plasma phase agrees fairly well with the calculated curve
with n = 4.

By re-minimizing the energy integral for the relaxed states of the non-ideal
MHD plasma and using an eigenvalue analysis, we numerically obtain the transition
points of the relaxed mode with zero & from the cylindrical to the helical state for
various profiles of g(^) with n = 3, 4, 6, 10 and 20 (Fig. 6).

4. SUMMARY

By changing the limiter material from SUS (Type-S) to graphite (Type-G), a
long discharge in the high current region (Ip = 190 kA) is obtained with about 30%
reduction of Zanom. The proportionality coefficients of T^ to Ip are 4.4 (eV-kA"1)
and 3.0 (eV-kA"1) for Type-S and Type-G, respectively. The electron density
scales linearly with Ip in Type-S. In Type-G, however, n ,̂ saturates at
Ip = 110-130 kA. The constant /3p scaling with Ip in Type-S is modified to a
slightly decreasing scaling. T; and the magnetic field fluctuations increase with 6,
while Teo remains roughly constant, indicating the presence of a macroscopic ion
heating mechanism related to the fluctuations. Internal fluctuations observed by the
SBD array demonstrate an m = 0 structure, which is attributable to non-linear
coupling of the m = 1 resistive kink stability. Spikes in the SBD signal looking at
a fixed limiter are observed during the sawtooth valley and are considered to be high
energy electrons escaping from the inside of the plasma column.

Possibilities of plasma current drive in RFP using a fast magnetosonic wave are
investigated theoretically, which shows several promising features such as no density
limit, high current efficiency, etc. The transition point to the helical state is calculated
for several \x profiles for relaxed states of a non-ideal MHD plasma with j8 = 0. For
an experimentally observed \i profile, it is close to 6 = 1.70 and F = —0.43.
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Abstract

ADVANCES IN REVERSED FIELD PINCH THEORY AND COMPUTATIONS.
Significant advances have occurred in three aspects of reversed field pinch (RFP) theory and com-

putations: non-linear evolution of an RFP with a resistive or distant wall; Ohmic equilibria during termi-
nation; and turbulence and transport from microinstabilities. Existing primitive and reduced non-linear
3-D MHD codes have been modified to simulate the presence of a resistive wall. It is found that opera-
tion with a resistive wall is characterized by increases in both magnetic fluctuation amplitudes and loop
voltage required for discharge sustainment. Penetration of the magnetic field through the resistive wall
causes the attainable value of /3p = Sirp/B^, to be reduced to less than one half of that obtained with
a closely fitting perfectly conducting shell. Non-linear studies of current decay and termination predict
that current programming of I = IQ(1 -t/to)01, where to is the ramp-down time and a > 1/3, is required
to keep the drift parameter from increasing. Both theory and computations show that magnetic fluctua-
tions are insensitive to the Lundquist number S. Hence, edge turbulence becomes important in determin-
ing confinement scaling. Studies of resistive pressure gradient turbulence yield the scaling Te a C" ,
0 a I ° 2 (for N oc Ip); studies of ion pressure gradient driven turbulence yield T « I^/4, /3 a I~ /4.
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1. NON-LINEAR MHD COMPUTATION WITH A RESISTIVE WALL

The ability to confine a plasma with a resistive boundary and a distant shell is
of paramount importance to the physics and operation of a reversed field pinch. The
'thin shell problem' (pulse length much greater than magnetic field penetration time
of the shell), faced by next generation long pulse devices (such as ZT-H [1]), is at
present, being studied experimentally in various devices. Of similar importance is the
determination of the required proximity of a conducting wall to the plasma surface.
We study both problems with a 3-D MHD code [2], suitably modified to simulate
the presence of a thin shell [3]. The plasma is bounded by a thin resistive shell, which
is itself surrounded by an outer perfectly conducting wall; a 'vacuum' region
separates the resistive shell from the conducting wall. The thin shell problem and the
distant wall problem are studied by removing, effectively, either the outer conductor
or the resistive shell. Similar physics dominates each case (the resistive shell affects
only the time evolution, not the final state). The plasma generally evolves to a state
with enhanced fluctuations, primarily composed of m = 1, n < 0 modes (resonant
or nearly resonant inside the reversal surface), whose amplitude increases with the
radius of the conducting wall. The associated increase in the induced electric field
is mainly in a direction to oppose current parallel to the magnetic field; hence, an
increase in the applied loop voltage, VL, is necessary to sustain the toroidal current.

The initial equilibrium profiles and fluctuation spectra are chosen to be those
of an RFP plasma with a closely fitting, perfectly conducting wall at pinch parameter
9 = 1.59. This is generated by running the code with such boundary conditions until
a dynamo sustained quasi-steady state is reached. The parallel component of the elec-
tric field, En = E-B/|B| (where E and B are the equilibrium electric and magnetic
fields), is composed of the Ohmic part, ?jj|, and the fluctuation induced electric
field, Ef = - (v x b )9iI • B/1B |. The applied EB is of a shape able to create a peaked
X(=J/B) profile and by itself would produce non-reversed plasmas (Fig. 1). Such a
profile would be linearly unstable to m = 1, n < 0 modes. However, Ef, generated
primarily by the m = 1, n < 0 modes, is in a direction to flatten X by current sup-
pression near the centre (positive part) and enhancement near the edge (negative
part). This field generates reversal and a more stable profile. The mode saturation is

FIG. I. Parallel electric field profiles for the caser of a steady state, closely fitting conducting wall
(9 ~ 1.59, F ~ -0.08). The electric fields are normalized to rjJ, at r = 0. The total electric field,
E,, is composed of the Ohmic, ij7|. and the fluctuation induced, Ef, field.
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a balance between this quasi-linear stabilization (as well as non-linear coupling to sta-
ble modes [4]) and the destabilization by the applied E,. For this conducting wall
case, 30% of VL is 'anomalous', i.e. Ef ~ 0.3 E| at r = 0.

If the conducting wall is replaced by a resistive one, the fluctuating magnetic
energy and the kinetic energy increase by about one and two orders of magnitude,
respectively, while 0 is held constant. They appear to reach a plateau in about one
shell time for TS = 0.1 TR(TS = Aa^0/r;s is the shell penetration time, ?7S and A are
the shell resistivity and thickness, and TR is the plasma resistive diffusion time). The
loop voltage also increases with time, but develops giant excursions near the end of
the computation (at t « 1.2TS). This is not surprising as the Ef component (Fig. 2)
is now about seven times the resistive term (J?J«). The dynamo (m = 1, n < 0)
modes, from quasi-linear effects, are more strongly affected by the boundary than
linear theory has implied in Ref. [5]; the increased Ef is not sufficiently quasi-
linearly stabilizing, compared with the destabilization of the enhanced VL, to
re-establish a new balance and allow the m = 1, n < 0 modes to saturate at a moder-
ately increased amplitude. The large increase in modal energy and VL in the resis-
tive shell simulation is a consequence of the increase in Ef being dominantly J|
suppression (Fig. 2).

7.15

5.36

3.57

1.79

0

•

En

FIG. 2. Parallel electric field profiles at t = 0.9 Tsfor constant-Q evolution in the presence of a resis-
tive wall.

In general, we do not observe large m = 1, n > 0 external kinks. However,
preliminary, more deeply reversed runs at higher 0 and higher S do indicate large
n > 0 kinks. Single helicity runs show that these modes also suppress IB.

If VL is held constant for the above initial conditions, 9 decreases in time.
Reversal is lost by central current suppression. Thereafter, the m = 1 mode spectrum
evolves through a sequence of modal growth, saturation and decay as lower |n|
modes become unstable. The dominant m = 1 mode shifts from n = - 5 to n = - 1
as q rises to order unity at all radii [6].

When the conducting wall is placed close to the plasma boundary, the fluctua-
tions and VL saturate at lower amplitude than in the constant 9 simulations. To
illustrate the dependenc of VL on the wall position, rw, we expand the wall slowly
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during one run. From Fig. 3 (TS = 0.01 for the case shown; TS = 0.002 and 0.1
cases behaved similarly), we see that VL rises with rw, increasing dramatically
beyond rw ~ 1.33 a, at which points oscillations in VL set in. For higher 9 values,
the rise in VL is more dramatic. At 0 = 1.73, VL rises by 50% as rw increases from
a to 1.05 a.

89.4-

53.6k

17.9
3% 15% 27% 39% 51%

Vacuum Thickness, %(rw-a)/a

FIG. 3. Vi versus vacuum region thickness for the constant-O, TS = 0.01 T^ case.

The penetration of the magnetic field through the resistive wall can greatly
enhance the energy loss rate, by conduction of heat, and equilibration of pressure,
along the field lines. This effect is studied using the finite beta reduced MHD mode
[7] generalized to allow a resistive shell boundary condition. Numerical simulations
with this model show rapid parallel heat transport along the perturbed magnetic field
lines intersecting the wall. This gives a sharp drop in (3 and causes a large drop in
the conductivity and collapse of the current, similar to tokamak disruption scenarios.
With an ideal shell, steady state beta poloidal values of 0.4-0.5 are obtained. With
the resistive shell, beta drops by half or more. Since the resistivity depends on the
pressure, the large pressure drop causes the plasma model to become quite resistive,
so that perpendicular transport becomes comparable to the MHD effects.

A theory of low level turbulence in compressible plasmas has also been devel-
oped. It is characterized by separation of scales between the mean fields and fluctua-
tions, which are of low amplitude. Use of conservation laws enables the derivation
of important factors in the functional form of the turbulent diffusivity coefficients.
In particular, turbulent heat conductivity, like its classical counterpart, transports
heat in the direction opposite to the mean temperature gradient. The turbulent
resistivity, on the other hand, acts non-classically as a 'hyper-resistivity' and causes
flattening of the parallel current profile so that the plasma tends to approach a 'Taylor
state' [8]. .

2. OHMIC EQUILIBRIA DURING TERMINATION

We have investigated the possible current decay and termination of reversed
field pinch discharges via stable, Ohmic, self-similar states that do not require any
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instabilities or dynamo effect for their maintenance [9]. The equations that describe
such states have been derived and solved numerically. To experimentally realize the
ramp-down scenario envisaged we recommend that, first, the external circuits should
be programmed so that the ratio F/0 is held fixed during ramp-down; second, current
ramp-down should be performed at low 0 ( 9 ~ 1.4) so that the Ohmic states avail-
able are stable to all current driven modes; and, third, the drift parameter should not
be allowed to increase substantially so that the functional form of the plasma
resistivity does not change during ramp-down. The desired result should be
experimentally discernible as a quiescent current decay — a marked decrease in the
MHD fluctuations.

These constraints lead to a current programming of I = IQ(1 - t/to)a, where to
is the ramp-down time. The exponent a must be greater than 1/3 in order to keep
the drift parameter from increasing. For ZT-40M parameters, this leads to a ramp-
down time (to) of 1 to 2 ms in order to maintain stability to tearing modes. The
ramp-down rate is assumed linear for these cases (i.e. a = 1).

3. ENERGY CONFINEMENT IN HIGH CURRENT RFP PLASMAS

Energy confinement in RFP plasmas is determined by tearing mode (dynamo)
induced transport in the pinch core and small scale turbulence in the exterior region,
extending from the reversal surface to the edge. In view of the fact that theoretical
and computational studies predict that m = 1 tearing mode magnetic fluctuation
levels are insensitive to S [4], the dynamics of the smaller scale, exterior turbulence
will probably determine global confinement scaling in future large, high current
pinches. Here, we discuss two turbulent transport mechanisms operative in the pinch
exterior: resistive fluid turbulence due to resistive interchange modes and ion pres-
sure gradient driven turbulence (IPGDT) due to T/( modes [10].

Recently, the calculation of the thermal diffusivity Xe f° r resistive pressure
gradient driven turbulence (RPGDT) [11] has been reconsidered. In particular, it was
noted that RPGDT is a physical process which supports more than one radial spatial
scale, and that the magnetic fluctuation spatial scale length is different from that of
the electrostatic perturbation. Proceeding with the calculation of xe using the theory
of test particle transport in a strongly stochastic magnetic field then yields the
result [12]

-VF _q™ riMk-Y3^
R S2/3 m2/3

Here, VTe is the electron thermal velocity, m is.the average mode number, Kn ~
I/a is the curvature parameter, Lp is the pressure gradient scale-length, and A is an
enhancement factor determined by the spectral width [13]. Note that, in comparison
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to previous results, xe is larger, with weaker dependence on S and @. Substituting
Xe into the Ohmic power balance relation yields the scaling Te oc (Ijj/N)4'5. For
N oc Ip, this implies that Te oc I°-8 and (3 oc I"02, so that RPGDT induced transport
predictions are consistent with a slow degradation of j3 with increased current.

In future large RFP devices, parameter regimes where electron dynamics are
adiabatic, rather than hydrodynamic, can be anticipated. Resistive fluid turbulence
models are not appropriate for describing such discharges. Recently, a four-field
model of electrostatic plasma dynamics in RFP discharges has been developed.
Results indicate that as k|V^e/ajre passes from less than unity to greater than unity,
the dominant turbulence characteristics pass from those of RPGDT to those of
IPGDT. It should be noted that excitation of IPGDT is virtually guaranteed by the
strong collisional ion heating which occurs in RFP plasmas. Analysis of IPGDT tur-
bulence [14] models suggests that two roughly comparable driving mechanisms, due
to negative compressibility (i.e. sonic or 'slab' branch) and curvature, are operative.
Results predict (ion) termal diffusivities:

A l

for the sonic branch, and

1 + m \ q
"' Ln V 7 / §

for the curvature driven branch. Here, ps = Cs/fij, 7 = Te/Tj, 7j; = Ln/Ln, Ln and
L-n are the density and temperature gradient scale-lengths, and n and k^ps refer to
average mode numbers. Substituting either Xi into the Ohmic power balance relation
yields T oc Ip/N

1/4 so that, for N oc Ip, T oc I^4 and 0 oc Ip
1/4. The favourable scaling

of T with Ip is a consequence of the fact that ps shrinks with increasing Ip. However,
the scaling is not sufficiently favourable to avoid degradation of /3 with increased
current.
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Abstract

RADIAL TRANSPORT IN THE PHAEDRUS-B TANDEM MIRROR.
Application of ICRF in the Phaedrus-B tandem mirror end cells can result in increases in central

cell plasma density by as much as a factor of three. Central cell peak densities of about 6 x 10 n cm"3

have been achieved along with thermal barrier-like axial density and potential profiles. Recent analysis
of the data shows that an improvement in the plasma confinement occurs in both the radial and axial
directions. In the core plasma, the density rise results from axial plugging; in the edge, radial loss is
reduced. Detailed measurements of the potential structures and the electron end loss indicate that RF
heating of electrons parallel to the magnetic field plays a dominant role in controlling the radial, as well
as the axial, potential profiles. The radial potential profile has been measured to be hollow. Both electron
and ion diffusion coefficients either remain the same or increase when end cell RF systems are operated.
Radial potential trapping of ions in the plasma is the reason for the increase in radial confinement.
Azimuthally asymmetric potential profiles have been measured in the thermal barriers, consistent with
enhanced radial loss or 'pumping' in this region. In addition, the electron end loss is measured to be
azimuthally asymmetric. While the diffusion of the ions and the electrons in the entire plasma column
is tied to the azimuthal asymmetries in the potentials, the density increases are correlated with the radial
ion potential well.

1. Introduction

With the demonstration of large reductions in axial losses [1,2], it has become
apparent that particle confinement can be dominated by radial losses. Asymmet-
ric heating by electron cyclotron heating has been correlated with non-ambipolar
radial losses in TMX-U [3]. This report shows that both axial plugging and
improved radial ambipolar confinement are needed to obtain significant density
increases in the Phaedrus-B central cell.
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FIG. I. Time variation of volume average density in Phaedrus-B central cell. Vie central cell RF is
on from I to 18 msec; the 'end cell' RF is on from 5 to 15 msec; and the 'beach' RF is on from 5 to
12 msec.
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FIG. 2. Axial variation in on-axis plasma potential, density, and magnetic induction for high density
mode of operation in Phaedrus-B.

2. Machine Description and High Density Operation

Phaedrus-B is a five cell tandem mirror, with choke coils at both ends of
the central cell and with quadrupole end cells [4]. There are two sets of antennas
in the ion cyclotron range of frequencies (ICRF) in the central cell with wr/ ~ w^
at the antennas. There are two end cell RF systems: 'end cell RF' and 'beach
RF'. The 'end cell RF' is resonant in the end cell and locally traps and heats
the central cell streaming ions while the ' beach RF' has its resonance in the
magnetic field gradient between the choke coils and the center of the central cell.
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FIG. 3. Time variation in ion and electron parallel end losses and fueling currents (determined from
absolutely calibrated Ha emission) for core plasma (upper graph) and edge region (lower graph).

With the exception of startup, ICRF is used to heat, stabilize and control the
plasma. Hydrogen gas fueling is provided by a 'gas box' located near the machine
midplane.

Fig. 1 shows the time variation of the central cell average density for high
density operation. When ICRF from both end cell RF systems is applied, the
central cell volume average density increases by a factor of two. The axial profiles
of the potential, density and magnetic field for this high density, thermal barrier-
like operation are shown in Fig. 2. Thermal barrier-like potential and density
profiles are maintained with peak densities of 6 X 1012cro~3, electron tempera-
tures of 20 — 30eV, and ion temperatures of 15eV in the central cell and 500eV in
the end cells. The RF power coupled out of the antennas in the central cell and
end cells totals ~ 250 kW. Charge exchange accounts for 75 kW, 60 kW is lost
in direct particle loss (mostly central cell ambipolar radial loss) and 12 kW to
ionization and radiation (mostly hydrogen emission). Direct Rf wave propagation
can account for up to an additional 30 kW of power flow to the end walls. The
total plasma energy is ~ 15 joules.

Since it has been fou-id that the plasma behaves differently in the interior
than on the outer surfaces, the plasma column has been divided into two regions:
the core (r < 8cm) and the edge (8cm < r < 16cm). The time variation of the ion
and electron end loss in the core and edge plasma and their respective ionization
currents determined from Ha emission are shown in Fig. 3. The rate of density
rise in the core plasma approximately equals the plugged ion loss current when
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FIG. 4. Contour plot of electron end loss (in mA/cm2) mapped back to central cell. Note the asym-
metries especially near the plasma edge.

both end cell RF systems are turned on. The electron end loss is reduced to a
level less than the remaining axial ion loss. The ionization current determined
from the absolutely calibrated Ha emission follows the plasma density rise and
is much greater than the electron end loss. This indicates that the electrons are
diffusing outward in the core or are being lost preferentially in the end cells. The
ion axial loss is also less than the source term, indicating trapping in the end
cells and local radial loss.

The edge plasma is dominated by ambipolar radial loss since the axial losses
are much less than the ionization source term. The non-arhbipolar loss as indi-
cated by the difference between the ion and electron current is small hi comparison
to the ambipolar loss hi this edge region. Here the axial electron current is larger
than the axial ion current when the end cell RF systems are on.

3. RF Induced Potentials, Axial and Radial

Previous reports have emphasized that RF produces enhanced axial poten-
tials hi Phaedrus [5]. These enhanced potentials are evident in Fig. 2 where the
end cell potential is larger than the central cell potential even though the density
is lower. These potentials are formed by the axial pumping of electrons with
axially localized E\\ RF fields.

In Phaedrus-B, an important characteristic of the plasma potential is that
it is hollow in the radial direction in the central cell, thermal barrier and the end
cells. The hollow profiles are the result of strong parallel heating of electrons
at the plasma surface. Computer modelling of the RF fields show large E» at
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the plasma surface. AxiaJly pumped electrons are observed at the end walls by
a movable set of gridded end loss analyzers(see Fig. 4). Enhanced electron end
loss, as well as large increases in Te (from 20 eV to > 100 eV), are measured at
the outer radii. Self emissive probes in one end cell and in the central cell and
emissive probes in the thermal barriers have measured hollow potential profiles
with axis-to-edge potential differences ~ 100V in the end cell and thermal barrier
and ~ AQV in the central cell.

Azimuthally asymmetric potential profiles have been measured in the thermal
barriers between the plugs and the central cell. These asymmetric potentials are
consistent with enhanced radial loss observed in this region although the convec-
tion associated with the asymmetric potentials must overcome the confinement
provided by the potential well. In this case, the enhanced radial loss serves to
'pump' the thermal barrier and assists in maintaining the thermal barrier axial
potential and density profiles. In addition, the electron end loss is measured to be
azimuthally asymmetric. Recently, an axisymmetric magnetic field configuration
has been used on Phaedrus-B. In this configuration the density ratio between the
central cell and the thermal barrier has been reduced from 3.2 to 2.0 suggesting
reduced radial 'pumping' in comparison to the quadrupole configuration.

4. Radial Central Cell Profiles and Radial Diffusion Coefficients

Estimates of the diffusion coefficients for the ions and electrons can be made
using the radial density and potential profiles, endloss measurements, and the
ionization source term determined from Ha radiation. The radial density and
potential profiles in the central cell are shown in Fig. 5 for three cases: (1) central
cell RF only; (2)end cell and beach RF systems added; (3)central cell RF and end
cell RF. The first case has a hollow radial potential profile and a hollow density
profile and no axial plugging (see Fig. 5); the second case has increased density,
a parabolic density profile, and maintains a hollow potential profile; the third,
little density buildup, a flat density profile and a reduced hollow potential well.

In the core region, using a maximum inward flux of ions of ~ 2 A for case (1)
(at ~ 17ms in Fig. 3), the electric field and the density gradient obtained from
the data in Fig. 5, a diffusion coefficient , Dn_ ~ l x 103cra2/s, is calculated.
The Einstein relationship was assumed to relate the mobility to the diffusion
coefficient. This diffusion coefficient is approximately equal to that determined
from charge exchange using the neutral density calculated from the fueling cur-
rent. The electron diffusion coefficient is difficult to determine since the electric
field and the density gradient generate opposing fluxes and is calculated to be
Dei. ~ 1 X 103 ± 0.5 X 103cro2/s. For case (2), assuming the ~ 14 A of elec-
trons not flowing out axially with the ions is radial loss, Dej_ is calculated to be
~ 1. X 104cm2/s. Di± remains at 1 X 103cm2/s. Note that the electron diffusion
coefficient is larger than that of the ions, and classical processes cannot account
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for this. For case (3), the diffusion coefficients in the core region axe approxi-
mately equal to case (2). Axial plugging does increase the core density but not
as much as case (2), when both end cell RF systems are on and a more hollow
potential profile is present. Axial ion plugging, classical ion-neutral diffusion and
anomalous radial electron diffusion are present in the core region.

In the edge, the fueling is 8 to 10 times larger than the endloss, indicat-
ing that the main loss channel is radial. If this radial loss is viewed as a diffusion
process, the ion diffusion coefficient is calculated to be 1 X 105cm2/s in case (1)
with central cell RF only and 3 x 10scm2/s for cases (2) and (3) when the end cell
RF systems are on. This is much larger than in the core region. Large potential
asymmetries are observed in this region and so convection may be a large contri-
bution to the losses. Also, the diffusion coefficients are not altered significantly
when the beach RF is turned off, the end cell RF is kept on and the density
drops. However, the radial potential profile flattens and the axial plugging is
reduced. The calculated electron diffusion coefficient is 4 X 104cm2/s. At the
edge, the electron diffusion increases but is less than that of the ions. Therefore,
a radial potential well for the ions contributes to the overall confinement. Radial
confinement by formation of a potential well for ions, large ion and electron ra-
dial diffusion and axial pumping of electrons are characteristic of the edge region.
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5. Floating End Rings and Non-Ambipolar Losses

Floating the end rings on Phaedrus-B eliminates global non-ambipolar losses.
As in TMX-TJ [1] and Gamma-10 [2], the potential measured in the central cell
is reduced when the end rings are floated. The central cell radial potential and
density profiles are affected and the central cell density buildup can be modi-
fied. Since the non-ambipolar losses are small in Phaedrus-B, the end ring mod-
ification of the radial potential profile and the resultant changes in the radial
ambipolar losses are the apparent reason for the changes in the density buildup
brought about by the end rings. The largest density buildup has been found with
grounded end walls rather than with floating end walls.
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Abstract

EXPERIMENTS ON NEUTRAL BEAM INJECTION IN A GASDYNAMIC TRAP.
The first experimental results on the injection of pulsed neutral beams into the target plasma of

a gasdynamic trap are given. The hot ions injected at an angle of 45° to the magnetic field lines into
the centre of the trap are decelerated in the target plasma and form a stable population of sloshing ions
with a total energy content of up to 70 J, a mean energy of 6 keV and an angular distribution width
of ±5° . The mean density of the hot ions is (2-3) x 10" cm"3 in a volume of - 2 0 0 L. A maximum
hot ion density of 1012 cm"3 was achieved in the regions of the turning points, where the mirror ratio
is R = 2; typically, it is four times the midplane density. When the neutral beam injection is asymmet-
ric, substantial transverse displacement of the plasma caused by the momentum it has acquired from
the beam is observed.

1. INTRODUCTION

The experimental gasdynamic trap is a device designed for a study of the
physics of the idea, proposed in Refs [1,2], of plasma confinement in an
axisymmetric mirror machine with large mirror ratio R > 1 and a length exceeding
the ion effective mean free path with respect to scattering into the loss cone. A
detailed description of the experimental device is given in Ref. [3]. In previous
experiments [3, 4], by studying the confinement of a gas discharge plasma with a
temperature of a few electronvolts and a density of 10 B to 1014 cm"3, the possibility
of MHD plasma stabilization by means of a favourable curvature of the magnetic
field lines in the expander regions (i.e. beyond the mirrors) was tested and proved.
The present paper reports on the results of first experiments on the injection of pulsed
neutral beams into the trap. The purposes of these experiments were to determine the
efficiency of energy transfer from the injected beams to the target plasma and to study
the formation and relaxation features for the group of anisotropic, hot ions generated
in the trap by neutral beam injection.
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FIG. 1. Schematic diagram of experiment: 1 — plasma source; 2 — plasma column; 3 — neutral
beams; 4 — area occupied by hot ions; 5 — neutral beam attenuation detectors; 6 — diamagnetic loops;
7 — measuring probes; 8 — charge exchange atomic analyser.

2. EXPERIMENTAL LAYOUT

The experimental layout is shown schematically in Fig. 1. The target plasma
was produced by the gas discharge source located at the trap axis beyond one of the
magnetic mirrors. The dependence of the magnetic field on the trap axis in the region
between the mirrors is given by the following approximate formula:

|z| ( R - l )
B(z) = Bo 1 -

R

where R = 25 is the mirror ratio, 2L = 7 m is the distance between the mirrors,
and z is a co-ordinate that is read off from the midplane, Bo = 1.5 kG is the mini-
mum value of the magnetic field. A hydrogen plasma of a temperature of 3 to 5 eV
and a radial density profile close to a Gaussian one, with a characteristic radial scale
length of 6.5 cm in the midplane of the trap and a maximum on-axis density of
ne max = (5-7) X 1013 cm"3, had been built up in the trap by the end of a 3 ms dis-
charge pulse in the plasma source.

The injection system consists of six neutral beam sources installed in two
groups, symmetric about the trap axis. The pulsed neutral hydrogen beams were
injected into the trap centre at an angle of 45° with respect to its axis. The energy
of the atoms amounted to 14 to 16 keV, the total power of the six neutral beams was
up to 3.5 MW, and the pulse duration was 2 X 10"4 s. The beam divergence in the
direction along the trap axis was ±3°. This divergence mainly determined the initial
width of the pitch angle distribution of the injected ions. An additional broadening
of the angular distribution of the injected ions caused by the non-uniformity of the
magnetic field in the injection region was rather small and did not exceed ±0.5°.
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The current of the injected ions was determined by measuring the attenuation
for each neutral beam passing through the plasma. The total energy contained in the
hot ion population was found by comparing the data supplied by the diamagnetic
loops surrounding the plasma column. One of the diamagnetic loops was placed in
the midplane. This loop recorded the total diamagnetic effect caused by the accumu-
lated hot ions and by the target plasma heated during the injection. Two other diamag-
netic loops were placed in planes with a mirror ratio of R = 3. The hot ion pitch
angle distribution width was rather small, and so the hot ions were reflected in
regions with a mirror ratio of R = 2. Therefore, the diamagnetic loops placed at
R = 3 mainly recorded the diamagnetic effect caused by the target plasma.

The distinctive feature of the experiments performed was that, during the injec-
tion into a target plasma confined in a magnetic field of 1.5 kG, the hot proton orbits
with an energy —10 keV mainly moved beyond the target plasma column. As a
result, a thin plasma column of —10 cm in diameter was surrounded by a cloud of
the hot ions with a diameter of —30 to 40 cm. This feature was used for the
diagnostics of the hot ions, compact probes being inserted into the periphery of the
hot ion cloud. In this way, the radial profile of the hot ion current density was
measured. The probes were designed so as to reduce the background signals caused
by the low energy particles of the target plasma.

The pitch angle distribution of the hot ions was found from measurements of
the angular distribution for charge exchange atoms as well as from measurements
performed by the special probe inserted into the cloud of hot ions in the region with
mirror ratio R = 1.4. This probe was supplied with a variable angular collimation
system and was placed at the point of maximum density of the hot ions.

The energy spectra of the fast charge exchange atoms with energies above
3 keV were measured by a charge exchange atom analyser.

The main experimental results were obtained in the following mode of opera-
tion: the magnetic field configuration in the expanders corresponded to the stabilizing
effect of a plasma flow through the mirrors on the MHD stability. Six neutral beams
were injected simultaneously; the injection started 2 x 10"4 s before the end of the
target plasma buildup. In this case, the target plasma density was close to its maxi-
mum value; hence, the trapping of the hot ions was close to its maximum and about
20-25 % of the initial neutral beam current. The background pressure before the shot
was lower than 10"6 torr. This was mainly determined by the hydrogen partial
pressure.

3. EXPERIMENTAL RESULTS

The injection of neutral beams led to target plasma heating. The plasma
temperature increased with growing injection power; for the maximum power
injected into the plasma (0.8 MW), it increased from 3-5 eV to 12-15 eV. Within
measurement accuracy, the plasma electron and ion temperatures were equal. For the
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t (ms)

FIG. 2. Time evolution of the electron temperature (J) and energy content (2) of a target plasma during
the stage of plasma heating by neutral beam injection. Line 3 shows the duration of the injection pulse.

plasma parameters of our experiments (n, = 5 x 1013, Te « 10 eV), the calculated
time for energy transfer to ions from electrons heated by hot protons should be
2 x 1CT5 s. This was enough for the electron and ion temperatures to become equal
during the pulse injection time of 2 x 10^* s. The typical time dependences of the
electron temperature and the total energy of the target plasma as determined by
diamagnetic measurements during the injection are shown in Fig. 2. The increase in
plasma energy was of 10-15 J, when the total injected hot ion energy was 160 J. This
experimental increase in plasma energy was almost by one order of magnitude less
than that expected from the model calculations.

The anomalously large losses of injected hot ions could be one of the possible
reasons for the weak increase in plasma energy observed in the experiments.
However, the results of the experiments to be given below show that there are no such
anomalous losses.

The pitch angle distribution mapped onto the midplane is shown in Fig. 3. The
position of the maximum angular distribution for sloshing ions, d^^ = 4 5 ° , cor-
responds to the injection angle; the e"1 half-width of the distribution is 5°. The esti-
mated broadening of the pitch angle distribution of injected ions losing half their
initial energy in Coulomb collisions with a target plasma of a temperature of 15 eV
is close to the values of broadening as observed in the experiments. Thus, we may
conclude that there were no substantial anomalies in the scattering of hot ions during
their deceleration in plasma and that the longitudinal losses of hot ions due to their
being scattered into the loss cone were negligible.
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FIG. 3. Pitch angle distribution function of hot ions, o —probe measurements at time t = 0.1 ms
after start of injection; • —probe measurements at t = 0.2 ms; * —measurements done by atomic
analyser, t = 0.2 ms.

FIG. 4. Normalized hot ion current density profiles mapped on trap midplane: 1 — at the end of injec-
tion, 2 — 0.1 ms after the end of injection.

The results of measurements of the radial distribution of the hot ion current den-
sity are shown in Fig. 4. From these data, we see that the hot ions accumulated in
the trap are concentrated in a region with a radius :£20 cm. In this case, the radius
of the diaphragm limiting the fast ion movement is 32.5 cm. The radial dimension
of the region filled with hot ions is close to the diameter of the orbits of the injected
protons. This diameter is equal to 16.5 cm for a proton energy of 15 keV and for
an angle of injection of 45°. The absence of hot ions at a radius larger than 25 cm
indicates that transverse hot ion losses were rather small and irrelevant to the energy
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FIG. 5. Time evolution of the energy content for hot ion population: I — experimental, 2 — calculated.
Injection parameters: injection energy — 75 keV, trapped current — 55 A, pulse duration — 0.2 ms.

balance. The total energy content of the trapped hot ions, Wh(t), was found from
diamagnetic measurement data as given in Fig. 5. At the end of the injection pulse,
Wh(t) reached a maximum of 60-70 J, which was roughly one half the total energy
introduced into the trap by the injected ions. Both the maximum value of Wh(t) and
its time dependence change weakly when the residual gas pressure varies within the
range of 8 x 10~7 to 3 x 10~6'torr. The flux of charge exchange atoms varied
proportionally to the residual gas pressure. From these data, we conclude that charge
exchange losses of hot ions were not important for the energy balance. The calculated
dependence of Wh(t), obtained by computer simulations for the relaxation of hot
ions due to their Coulomb collisions with a target plasma confined in the gasdynamic
trap, is shown in Fig. 5. In the calculation, we have taken into account the
experimental dependence of the electron temperature on time. The calculated and
experimental dependences of Wh(t) are in good quantitative agreement. This agree-
ment confirms the conclusion that the hot ion losses in our experiments were rather
small. The mean energy and characteristic deceleration time for hot ions can be found
from the experimental dependence Wh(t) if the hot ion losses can be neglected. The
mean energy and the deceleration time of the hot ions found in this way at the end
of the injection were ~ 6 keV and 10"4 s, respectively. In the energy spectra for the
fast charge exchange atoms, ten per cent of the fast atoms have energies lower than
half the injection energy, which demonstrates the efficiency of hot ion deceleration
in a target plasma.

We have also done experiments on neutral beam injection into a target plasma
during the decay phase after turning off the plasma source. In this regime, in contrast
to the regime with the plasma source turned on, neutral beam injection caused sub-
stantial perturbations in the radial plasma density profile. The strongest perturbations
were observed in the case of asymmetric injection, where the beams were generated
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FIG. 6. Normalized plasma radiation profiles for a wavelength of 6562 A in case of asymmetric injec-

tion of two beams: 1 — at the start of the injection pulse; 2 — 0.1 ms and 3 — 0.15 ms after start of

injection.

by only one group of the neutral beam injectors that were azimuthally close to each
other. In this case, the plasma moved across the magnetic field in the direction of
the resulting momentum component of the neutral beams and escaped from the trap
in a few hundreds of microseconds.

Figure 6 shows the radial profiles of Ha radiation (6562 A) measured at
various instants of time along the beams, in the case of asymmetric injection. The
data presented in Fig. 6 as well as the data from other diagnostics have shown that
the transverse plasma displacement was comparable to the plasma diameter at the end
of the injection pulse. For symmetric injection during the decay phase, we could not
detect any displacement of the plasma as a whole. In this case, the plasma motion
became more complicated and corresponded to the changes in the density distribution
within the plasma column. These changes have been observed by two diagnostic neu-
tral beams crossing the plasma along mutually perpendicular diameters in the mid-
plane. The time dependences of the plasma line densities obtained by the diagnostic
beam attenuation measurements are presented in Fig. 7 for the regimes with
symmetric and asymmetric injections.

The experimental data (curve 2 in Fig. 7(b)) indicate that during 50 îs after the
start of the symmetric injection pulse the plasma column was compressed 1.5 times
in the direction of the injected beams, then was expanded in the same direction and
afterwards again compressed to the initial state, at the end of the injection pulse. In
the case of summetric injection, relatively small {•& 10%) variations of the line den-
sity have been measured in the direction of the injected neutral beams, indicating the
absence of substantial deformations of the plasma column in the direction perpendicu-
lar to the beams. The monotonic decrease in the measured line density dependences
(curve 1 in Figs 7(a) and 7(b)) in the case of asymmetric injection demonstrates the
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FIG. 7. Time evolution of plasma line densities during injection measured along the diameter: (a) in
the direction of injected beams; (b) in the direction perpendicular to it. Curves: 1 — asymmetric injection
of two beams; 2 — symmetric injection of four beams.

displacement of a plasma column out of the axis and plasma losses in this regime as
was mentioned above.

The reason for the macroscopic plasma deformations observed during the sym-
metric injection and the rigid displacement of the plasma towards the wall in the
direction of the transverse momentum of the injected beams in the case of asymmetric
injection could be the following: in our experiments, the period of the hot ion
azimuthal magnetic drift was about 10~3 s; this value is much lower than the elec-
tron drag time for hot ions in a target plasma close to 10~4 s. Under these circum-
stances, the azimuthal asymmetry of the injection leads to an azimuthal asymmetry
of the density distribution of the hot ions in the trap and hence produces the transverse
forces exerted on the target plasma by the decelerated hot ions. Neglecting the mag-
netic drift of the hot ions, we estimate the transverse force acting on the plasma
column as a result of absorption of the transverse momentum of the ions injected into
the plasma. When one neutral beam is injected, this force is given by:

_ JM v sin 6
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where J is the injected current, M the mass, v the velocity, e the charge and 6 is the
angle of injection of the fast ions. In estimating the transverse force, we have
assumed that the Larmor radius of the hot ions greatly exceeds the plasma radius.
The proper scale for the estimated transverse force caused by asymmetric injection
is the 'buoyancy' force caused by the unfavourable curvature of the field lines in the
trap if the plasma column is displaced from the axis out to a distance close to the
plasma radius:

Wa

where W is the total plasma energy, a is the plasma radius, and 2L is a distance
between the mirrors. For the parameters of our experiments with asymmetric injec-
tion: J = 30 A, ne = 5 X 1013, a = 6 cm, Te = T; = 5 eV, the force F ± should
be by one order of magnitude larger than Fb. In this case, the plasma column acted
on by the force F ± should be shifted from the axis out to a distance comparable to
the plasma radius in a time r±:

The calculated time, r± - 2 X 10~5 s, is in agreement, within an order of magni-
tude, with the experimental time of the plasma displacement close to 10~4 s.

Thus, from the experimental data and estimates presented we may assume that
the macroscopic transverse deformations and displacements of the plasma column
caused by the injection could be the result of an absorption of injected ion momentum
in the target plasma. The plasma deformations in experiments with symmetric injec-
tion could be caused by uncompensated forces appearing even in this case, because
of the azimuthal non-uniformity of the spatial hot ion distribution.

4. CONCLUSIONS

The results presented in this paper enable us to draw the following conclusions:
A stable population of anisotropic sloshing ions was established in a trap by neutral
beam injection into the target plasma. The hot ions occupied the volume of 200 L
and had a total energy content of up to 70 J, a mean energy of ~ 6 keV and a lifetime
of s 10"4 s. The parameters of the hot ion population are in agreement with the
predictions by the classical model of the relaxation of fast ions in Coulomb collisions
with the electrons and ions of a target plasma. The hot ion density ratio found from
the measured pitch angle distribution is 1:4 between the midplane and the turning
point where R = 2. The hot ion peak density estimated from the spatial distribution
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of the hot ions and their total energy content is to be up to 10l2 cm"3. A rather small
increase in the temperature of the target plasma, heated by neutral beam injection is
associated with the presence of substantial plasma energy losses. Here, we discuss
possible paths of the energy losses. The power losses corresponding to longitudinal
losses of a plasma flowing through mirrors can be calculated by using the formulas
of Ref. [5]; for the parameters of our experiments, they amounted to =50 kW. This
value is by an order of magnitude lower than the power transferred to a plasma by
hot ions. The classical transverse thermal conductivity for a plasma cylinder with a
radius of 6 cm, a length of 7 m, a density of 6 x 1013 cm"3 and a plasma tempera-
ture of 15 eV yielded power losses of ~2.5 kW for a magnetic field strength of
1.5 kG. We might have assumed that the power losses came from anomalous trans-
verse plasma transport. This assumption seemed, however, doubtful: in our experi-
ments, the plasma edge was rather far from the limiting diaphragms, and there was
no substantial radial expansion of the plasma profile during the injection. At present,
we think that, most probably, the energy losses were due to radiation caused by the
presence of impurity ions, which could come into a plasma either from the vacuum
chamber wall or from the plasma source electrodes. Estimates based on the results
of Ref. [6] have shown that our experimental results on plasma heating could
be explained by radiation energy losses on the assumption that in the target plasma
there were 2 % of oxygen or even smaller amounts of other impurities such as iron
ions.
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Abstract

STABILITY ISSUES IN THE TARA TANDEM MIRROR EXPERIMENT.
Experimental studies were performed to understand the stability of the Tara tandem mirror. Cen-

tral cell fluctuations are dominated by radially rigid, m = 1 flute modes in which the entire column
oscillates about the machine axis. These modes can be stabilized by outboard quadrupole anchors, or
by ponderomotive effects related to central cell ion cyclotron heating (ICH) power levels. A magnetic
divertor installed at the central cell mid-plane has also significantly enlarged the stable operating
parameter regime. Axially localized instabilities are clearly observed in the axicells during the applica-
tion of axicell ICH. They also appear to exist during the application of axicell electron cyclotron heating
(ECH) or neutral beams, and to limit the buildup of hot electrons and beam ions.

Introduction

The Tara tandem mirror configuration1 consisted of a 10 m solenoidal
central cell with a "magnetic plateau" at its center where the field rose
to a mirror ratio of about two with respect to the "well" regions on ei-
ther side. Atop the plateau was a "slot" antenna which launched radio
frequency (RF) waves resonant with the ion cyclotron frequency at the
bottoms of the adjacent wells. Also atop the magnetic plateau was a gas
box2 which was the primary fueling source for the plasma. Between these
was mounted a magnetic divertor that diverted a fraction of the plasma
around a coil and created an azimuthally symmetric null. This divertor
was installed with the purpose of providing stability by enhanced electri-
cal connection across field lines.3 Using this configuration a stable central
cell plasma (TiiX = 600 - 1500 eV, TiA] = 150 - 200 eV, Te = 60 - 100 eV,
ne = 4 — 5 x 1012cm~3) could be created consistently.
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The central cell region was terminated by high field (mirror ratio
•Re < 12) coils, and flanked by axisymmetric plug cells (axicells) and
outboard quadrupole minimum-B anchor cells. The axicells were designed
to provide electrostatic plugging of the central cell end losses through the
use of neutral beams and gyrotrons4 or, alternately, through the use of
RF resonant with the ion cyclotron frequency at the mid-plane of the
axicell.5

Interchange Modes

Early experiments in Tara showed that the central cell could be
maintained stably by the central cell slot ICH.8 This stability is attributed
to ponderomotive effects from the RF heating.7 However the introduction
of auxiliary sources of power, such as beams or gyrotrons, during end.loss
reduction experiments caused the central cell to become unstable in the
parameter regimes of interest. 8 It was found that these modes could be
stabilized at moderate levels of axicell ECH and ICH power through the
use of the outboard anchors as originally proposed for Tara, although the
theoretically predicted enhancement of stability due to the presence of hot
electrons in the anchors9 was never observed.10 The outboard anchors,
however, did not provide sufficient stability during higher power ECH
pulses. Furthermore, the cutoff of the plasma stream to the adjoining
anchor during axicell plugging reduced the anchor ion beta, and a loss of
MHD stability often ensued, particularly during ECH plugging.

This problem was ameliorated by the introduction of the magnetic
divertor at the central cell mid-plane. The divertor allowed a significant
enlargement of the parameter range in which the central cell could op-
erate stably without anchors and allowed higher gyrotron powers to be
employed in plugging experiments.11

Under unstable conditions the dominant characteristics of the co-
herent mode seen in Tara were: (a) low frequency 3-15 kHz; (b) axially
flute-like; (c) radially coherent. We observed a sharp threshold behav-
ior with respect to ECH power. Below a particular power the plasma
was quiescent and the fluctuation level was independent of ECH power.
Above this level fluctuations were large, but again the power dependence
was weak. We interpret this behavior as evidence of a stability boundary.

In Figure 1 we show the stability boundary relative to the divertor
null radius and ICH power level for several power levels of ECH heating
in the axicell. We note that higher ICH power and smaller divertor
null radius were stabilizing, while higher ECH power was destabilizing.
Figure 1 demonstrates the interplay of divertor and ICH stabilization on
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FIG. 1. The multi-parameter nature of the stability boundary is shown at constant fueling rate. Plug
ECH drives the plasma unstable. Enhanced stability is achieved by mapping the null deeper into the
plasma, raising the central cell ICH power level, or both.

two widely separated run days. The scaling of these stability boundaries
with divertor current and ICH power was reproducible. More detailed
description of the ponderomotive stabilization appears elsewhere.7

Axially Localized Modes

Tara was seen to exhibit modes of instability which were axially
localized.12 At the highest divertor currents and at high Rc, ICRF heating
in the north axicell was observed to drive only the axicell unstable. A
buildup and dump in density and diamagnetism (/3) was observed to
occur with 1 to 2 ms periodicity. During each dump the neutral density
increased in the axicell indicating that the plasma was scraping off in the
axicell. These "sawteeth" and the increases in neutral density were not
observed in the central cell.

The sawteeth were accompanied by increased low frequency noise de-
tected by the gyrotron scattering diagnostic13 and by Langmuir probes.
We observed from the gyrotron scattering signal that the axicell diamag-
netism rise triggered a coherent low frequency burst (^ 30 kHz) which
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FIG. 2. Series of shots exhibiting the damping of the north axicell sawteeth as the central cell mirror
ratio Rc is decreased.

built up until the dump. A correlated burst could be detected by the
central cell heavy ion beam probe only in shots where the instability was
strongest. The 30 kHz signal was generally not seen on the axicell light
detector array, a line integrated diagnostic that should be insensitive to
high m modes. Since the axicell light detector did pick up m = 1 and
m = 2 flute-like modes, this suggests that the 30 kHz mode had m > 3.
Double-tipped Langmuir probes, used in some shots, showed 30-100 kHz
modes with m = 3-10.

Figure 2 shows that the sawteeth decreased in amplitude and fre-
quency as the mirror ratio between the central cell and axicell was de-
creased. Variation of the outer axicell high field coils did not affect the
appearance of the sawteeth, supporting the view that it was the connec-
tion to the central cell that was important, not the axicell mirror ratio.
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The relatively small axicell beta (less than 1%) precludes MHD bal-
looning as an explanation for the instability, and the passing fraction
dependence implies that we were observing a trapped particle mode.
Theoretically,14 cancellation between the ion finite Larmor radius (FLR)
stabilization term and the collisionless trapped particle mode charge sep-
aration term should lead to an unstable band of modes for azimuthal
mode numbers m s; 4 to 5, similar to what was observed. The data in
Fig. 2 shows that the sawteeth decreased in amplitude when the passing
fraction nvat,/ne was increased (by decreasing the mirror ratio between
the central cell and axicell). This data is consistent with theory, which
predicts that the azimuthal mode number m at which trapped particle
modes are unstable is an increasing function of passing fraction. Modes
with higher m should cause less rapid radial transport, since the radial
loss rate is probably roughly 7/ra2 (where 7 is the linear growth rate).
Although the mechanism causing sawteeth is not fully understood, it ap-
pears to be related to the release of gas when plasma scrapes off, so we
expect that the sawtooth amplitude will decrease when the radial loss
rate decreases.

ECH Plugging

In the original Tara operating scenario, plugging would be achieved
by neutral beams which produce a density that peaks at the 10 kG point,
and by ECH at both the barrier (5 kG) and plug (10 kG) points which
would create a thermal barrier to further enhance the potential at the
peak density point. In the experiment the neutral beams were never able
to build up a density of greater than 4 x 10ncm~3 at the.10 kG point
(as inferred from the diamagnetism), and the population of hot electrons
(Ee >• 100 keV) that were localized to the barrier region never, built up to
more than 2% of the total density, although a large population of warm
nonlocalized electrons (Ee ss 2-8 keV) was observed. These components
were theoretically insufficient to produce a plugging potential. Neverthe-
less, ECH often produced a reduction in end loss, even without neutral
beams, and even with only barrier ECH, in apparent contradiction to
plugging theory. This is illustrated in Figure 3 which shows data from a
discharge in which only the south barrier gyrotron was used. This data
resembles plugging since the south end loss was cut off entirely. However
there was no increase in north end loss, and the central cell density rise
(corresponding to a trapping rate of 2 A) cannot account for the 25 A re-
duction in south end loss. We conclude that the reduction in south end
loss was due not to plugging, but to enhanced ambipolar radial losses
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FIG. 3. Time histories during an ECH plugging discharge {#13091) in the south plug. Although the
end loss is entirely cut off in the south, no reflected stream appears in the north and no density increases
are seen in the central cell. Gyrotron timing is indicated by the arrows.

in the south axicell. Furthermore in discharges where the end loss was
not cut off completely, potential peak measurements made by gridded
end loss analyzers showed an overall rise in potential when ECH was ap-
plied to one axicell, but no significant potential difference between the
two ends, again showing that the reduction in end loss was not due to
plugging.

The same radial loss rate can account for poor buildup of neutral
beam ions, and of hot electrons. The anomalous electron and ion loss
rates are comparable to both the theoretical and observed 7/m2 for
trapped particle modes. The observed 7/m2 is based on the measured
correlation time and m for the 30-100 kHz modes seen by Langmuir
probes in the axicells during ECH or neutral beam injection.12(These
modes apparently saturated before the plasma scraped off and did not
cause sawteeth, as similar modes did during axicell ICH.) High frequency
(6-30 MHz) ion microinstabilities have also been observed by Langmuir
probes in the plug during neutral beam injection, but only at very low
amplitudes, far too low to account for the lack of buildup of neutral
beams. The failure of Tara to achieve plugging (and central cell buildup)
may thus be a consequence of the bad curvature of the plug cells.
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Abstract

SCALING STUDIES ON THERMAL BARRIER POTENTIAL AND PLASMA CONFINEMENT IN
THE TANDEM MIRROR GAMMA 10.

Systematic scaling experiments on potential formation and confinement have been performed in
the axisymmetrized tandem mirror GAMMA 10. The confining potential is approximately proportional
to the thermal barrier potential depth with a maximum height of 1.2 kV obtained with a barrier depth
of 0.9 kV. The radial profiles of potential, density, ion temperature, and end loss fluxes show that
Pastukhov confinement scaling holds on each magnetic flux tube. The radial transport is identified as
not important to plasma confinement during strong plugging.

1. INTRODUCTION

GAMMA 10 is an axisymmetrized tandem mirror, currently operating with
thermal barriers. The strong ion plugging is clearly associated with the presence of
a thermal barrier. The fundamental properties of the thermal barrier were demon-
strated, and the axial confinement time following Pastukhov scaling was improved
by more than two orders of magnitude over the single mirror [1]. Significant exten-
sions of the thermal barrier experiment have been achieved by improving the heating
systems and the vacuum wall conditioning. This paper concentrates on scaling studies
of the thermal barrier potential and plasma confinement on the basis of advances
achieved during the last two years. The status of GAMMA 10 is described in the next
section. The experimental results will be presented and discussed in Sections 3 and 4.

2. MACHINE STATUS

GAMMA 10 consists of a central cell, anchor cells and axisymmetric end mir-
ror cells. The anchor cells are minimum-B mirrors that are used to suppress the MHD
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instabilities. Plug and thermal barrier potentials are formed in the axisymmetric mir-
rors. The dimensions of GAMMA 10 are 27 m in total length, with the central cell
vessel 6 m in length and 1 m in diameter. The total volume of the vessel is 150 m3.

End plugging experiments are carried out with a combination of neutral beam
injection and microwave heating. Four 28 GHz, 100 kW gyrotrons are used to gener-
ate mirror confined hot electrons that produce a thermal barrier potential depression
(w = 2wce ECRH) and to generate warm electrons for a positive potential peak
(a> = wce ECRH) which confines the central cell ions. The central cell plasma is
heated by 200 kW of ion cyclotron resonance frequency (ICRF) power.

The potentials at the central cell, $ c , and at the barrier midplane, $B, are
measured by gold neutral beam probes. The plug potential, $P , is determined by an
energy analysis carried out by multigridded type end loss analysers (ELAs). An end
loss ion spectrometer (ELIS) is also used in co-operation with LLNL.

We note that good vacuum conditions with weak wall recycling are essential for
sustaining the plug/barrier potential. Recently, liquid helium cooled panels have been
installed into the plug/barrier chambers and the anchor NBI chambers. No titanium
gettering system is used. The total pumping speed of the panels is measured to be
2.7 x 106L-s"'. The vacuum vessel is also conditioned by ECRdischarge cleaning
in hydrogen. The base pressure is kept below 1 X 10~8 torr, and the pressure rise
is restricted to the range of ~10"7 torr during the plasma shot.

3. SCALING OF THERMAL BARRIER POTENTIAL

3.1. Thermal barrier potential

The time evolution of the parameters for a thermal barrier shot is shown in
Fig. 1, together with time sequence of the heating systems. When the ion confining
potential, <pc = <£p - $ c . is created following the formation of the thermal barrier
potential depression, <pb = $ c - $B, strong end plugging is observed, i.e. the ion
loss fluxes into the ELAs at both ends decrease significantly, and, simultanously, the
central cell line density, n,.̂  increases.

Vacuum wall conditioning and careful adjustment of the heating systems are
required in order to increase and sustain the thermal barrier depth. The value of (pc

is plotted as a function of <pb in Fig. 2. The.closed circles and squares represent data
obtained with ELAs; the open symbols refer to ELIS. Good agreement is obtained
between ELA and ELIS data. The value of <pc = 1.2 kV is obtained with a barrier
depth of <pb = 0.9 kV. The solid and dotted lines are calculated on the basis of theo-
retical models in the weak and strong ECRH cases [2, 3] for two different values of
the plug to central cell density ratio. In the weak ECRH model, the electron distribu-
tion in the plug is assumed to be Maxwellian. On the other hand, in the strong ECRH
model the distribution is considered to be flattened. The experimental results are
favourably explained by the latter model in the higher potential region.
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FIG. 1. Time evolution of central cell line density, barrier potential depth, confining potential and end
loss flux.
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The duration of the thermal barrier, TM, is almost equal to that of strong plug-
ging. The empirical scaling of r j [s"1] = (3.5-5) X 10"18 ^ [nr3] T / 2 [keV],
for a barrier density of nb = (3-6) X 1017 m~3, is close to the collisional barrier
filling rate of passing ions derived from the Futch-LoDestro formula based on a
Fokker-Planck code simulation, where T^ is the passing ion temperature measured
by ELAs. It is also observed that TM decreases with increasing nb via collisional fill-
ing and local ionization of neutral atoms. The validity of the scaling is confirmed up
to TM = 20 ms for Bg = 1.0 x 1018 m~3. Improvement of the vacuum conditions in
the barrier region leads to a greater barrier depth and a higher temperature of the
passing ions, resulting in a smaller coefficient for r^ in the above scaling and the
capability of longer barrier duration for a given central cell density.

3.2. Formation of confining potential

When the fundamental (w = wce) ECRH is applied, the plasma potential goes
up at the central cell as well as at the plug/barrier cells. The ECRH produces warm
electrons at the end mirror cells. A fraction of the heated electrons is driven out of
the end mirror through the loss cone along the magnetic field lines. The plasma
potential goes up because of the presence of the warm electrons while the potential
of the floating end plates goes down. The radial profile of the ECRH power deposi-
tion coincides with that of the axial flow of the warm electrons and that of the plasma
potential at the resonance [4]. The plug potential height is observed to be strongly
correlated with the ECRH power. The plug electron temperature, Tep, is much
higher than the central temperature, T^, i.e. T^/T^ > 3, during the existence of
the thermal barrier. The higher ECRH power density leads to a high plug electron
temperature, resulting in a higher plug potential. This is one of the main benefits of
installing thermal barriers in a tandem mirror.

4. SCALING OF PLASMA CONFINEMENT

4.1. Axial confinement

In a tandem mirror, the particle confinement time is defined by TP = (1/T» +
\/T±)~\ where TJ is the axial confinement time and TL is the radial confinement
time, consisting of the non-ambipolar radial confinement time, TJA , and the ambipo-
lar radial confinement time T*, i.e. r± = (1/T1A + \h\)~l. The product of the
density and the axial confinement time on the axis is plotted in Fig. 3 as a function
of the confining potential normalized by Tj|. The solid curve represents the
Pastukhov-type scaling law. The agreement between the scaling law and the
experimental values is quite good. The value of n^n ~2 X 10l8 m~3-s has been
obtained at a central cell ion temperature of 1.8 keV.
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FIG. 3. Product of central cell density and axial confinement time as a Junction of confining potential
normalized by passing ion temperature. The solid line shows the Pastukkov scaling.

8 12
rc (cm)

FIG. 4. Radial profile of (a) central cell density, (b) potential at each cell, (c) end loss flux, and
(d) confining potential normalized by passing ion temperature mapped to the central cell.
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Recent plasma diagnostics on GAMMA 10 has been directed towards measure-
ments of radial plasma parameter profiles. In Figs 4(a) to (d), the density at the cen-
tral cell, the potentials at each cell, the end loss flux and the value of e^/Tjy are
plotted as functions of the radial positions. The solid line in Fig. 4(d) is calculated
from the Pastukhov formula using the value of ry. We note that the experimental
points of e^/Tjn are in good agreement with the solid line calculated from the
Pastukhov scaling formula on each magnetic flux tube.

4.2. Radial confinement

Long axial confinement times have been achieved by the thermal barrier. The
next important particle loss is radial transport consisting of non-ambipolar and
ambipolat losses.

The non-ambipolar radial losses are associated with neoclassical resonant trans-
port due to asymmetric magnetic geometries. Asymmetries of the plasma potential
may also induce non-ambipolar losses as well as radial diffusion due to the E x B
drift. Since the potential profile is affected by the w = wce ECRH power deposition
profile, this type of transport will occur even in axisymmetric geometry. Recently,
the contribution of the non-axisymmetric components of the potential profile to the
neoclassical transport has been evaluated by means of a perturbation method from
neoclassical resonant transport theory. The importance of the potential contour
matching along the magnetic flux has been pointed out for a reduction of the radial
transport. The two-dimensional potential profile measured by the beam probe at the
barrier midplane is parabolic and axisymrrietric as is shown in Fig. 5. This axisym-
metry is quite effective in minimizing the radial transport; it is one of the features
of GAMMA 10. The small radial transport is also consistent with the demonstration
of local Pastukhov scaling on each flux tube. The non-ambipolar radial transport has
been observed to be consistent with a neoclassical calculation [5]; it can be sup-
pressed by electrically isolating the radially segmented end walls.

Y 1510 50-5-10-15(cm)

FIG. 5. Two-dimensional potential profile at r s 15 cm measured by beam probe.
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The ambipolar losses cannot be estimated directly from the particle current
measurements because they consist of equal ion and electron fluxes. The ambipolar
radial confinement time is evaluated from the particle balance equation given by

1 dN

N dt eN
1

,NA (1)

where N is the total number of plasma particles in the confinement region. The abso-
lute measurements of the ionization source current, Is, are carried out by using
calibrated Ha detectors viewing the plasma in directions perpendicular and parallel
to the plasma column. Laser fluorescence spectroscopy is also applied to determine
the radial profile of the neutral hydrogen density at the central cell midplane [6].

Figure 6 shows the ionization source current in the core region and the particle
buildup rate as a function of time for the plasma shot shown in Fig. 1. During strong
end plugging, t = 8-13 ms, the ionization source current balances the particle
buildup rate. The ambipolar losses, eN/rl, estimated from Eq. (1), are small, and
T± is longer than T( within the error bar, under conditions of strong end plugging.

10
Time (ms)

FIG. 6. lonization source and particle buildup rate in the core region during strong plugging.

5. SUMMARY

Summarizing, we may say that the physical mechanism and the scaling of poten-
tial formation and plasma confinement have been studied in the tandem mirror
GAMMA 10. The confining potential increases with increasing thermal barrier
depth. This is consistently explained by the theoretical formula with weak or strong
ECRH fields. The improvement of axial confinement is more than three orders of
magnitude over the single mirror. The radial transport has been identified as not
important to plasma confinement during strong end plugging.

On the basis of the present extensions of the scaling, thermal barrier experi-
ments with long duration and higher density are being carried out, by using new
vacuum and heating systems. The aim of GAMMA 10 in the next phase is to attain
quasi-steady operation during 0.1s and a high beta value of up to —0.1.
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Abstract

STUDIES OF INSTABILITIES AND WAVES IN A MIRROR CONFINED HOT ELECTRON
PLASMA.

The stability of hot electron plasmas is studied. The hot electron component can stabilize the low
frequency drift wave and the interchange mode driven by the plasma, which depends only on
a = Nh/Nj, the density ratio of the hot electrons to the plasma ions, but not on the beta value and the
annular structure of the hot electrons. Stabilization of the drift wave occurs for a > 40%, and that of
the interchange mode for a > 5%, which allows the prediction that the interchange mode can be sup-
pressed in hot electron plasma experiments. The experiments have been conducted in a simple mirror
machine. It is observed that the plasma drives a drift wave at 40 kHz and an interchange mode at about
100 kHz. The fluctuation amplitude of the drift wave is much higher than that of the interchange mode.
The hot electrons reduce the density gradient, the fluctuation amplitude and the radial loss of the plasma.
On the other hand, the hot electrons drive the interchange mode and drift wave in the ion cyclotron fre-
quency region. The effects of a cold plasma on hot electron perturbations are discussed.

1. INTRODUCTION

The effects of energetic particles on plasma stability have been studied exten-
sively. In tokamak plasmas, energetic particles can stabilize high mode number
ballooning modes up into the regime of second stability [1], For mirror confined
plasmas, the hot electron ring was originally conceived to produce a local minimum
in the magnetic field strength, or local magnetic well, in order to stabilize the plasma
interchange mode [2]. It has, however, been shown that, in the present experiments,
the ring is not a sufficient means of creating a local magnetic well [3, 4].

We have studied instabilities and waves in a mirror confined hot electron
plasma, theoretically and experimentally, and found that the hot electron component
can stabilize the low frequency instabilities driven by the plasma; this process neither
requires an annular structure of the hot electrons nor the existence of a local magnetic
well. Since drift-like instabilities are always excited in magnetically confined
plasmas, hot electron stabilization of plasma perturbations may be applied in
tokamaks. In this paper, results on the stability of a hot electron plasma are presented.
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2. LOW FREQUENCY DRIFT WAVE '

The hot electron plasma includes hot electrons, cold electrons and cold ions; the
two latter species are called plasma. The low frequency drift wave is driven by the
density gradient of the plasma. Using a slab model and writing w = wr + icoi; we
find [5]

wr = -(w,, - wdi) (1)

CO; =
" d l / ' K2a?

-<*«)2 1 2K2 ,e L

K 2 a?

where a is the density ratio of the hot electrons to the plasma; the other quantities
are defined as usual. Our analysis is valid for

« ~ w»i <K w,)}, (3)

which requires T ^ p / T ^ » 1.
The stabilization of the drift wave occurs when wL becomes negative. The sta-

bility condition is j3h > 30% for a = 0 or a « 40% for ft, = 0.
The density and potential fluctuations of the drift wave cause radial loss of

plasma across the magnetic field. The radial loss flux is defined as follows and is
found to be [5]

(K2Te/Mei>e i)
2

f K2T; / . . 1
[ Mevei J

eKN0/2B0TL f K T ; / . . 1 , 2 ,„• ^ ;.,

J J w 1 ^ ^ w * exp(2Wit) (4)

In analogy to the case of the growth rate, stabilization occurs for T < 0, which
is assured by the same conditions as are valid for w; < 0.

We have conducted experiments on the stability of a microwave produced hot
electron plasmas in the HER device, a simple axisymmetric mirror [6, 7]. The
experimental data have been computer analysed for an identification of coherent fluc-
tuations. The results are displayed in Fig. 1. The normalized fluctuation amplitude,
AI/IQ, is defined as the ratio of the peak fluctuation AI to the average value Io.
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FIG. 1. Frequency spectra and phase spectrum of plasma fluctuation.

Shown in Figs l(a) and (b) are the frequency spectra of the line density nj of the
cold electrons and the ion density Nj, respectively. 6n in Fig. l(c) is the phase
difference between two signals measured by two azimuthally positioned probes.
Positive 0,2 means that the fluctuation propagates in the direction of the electron
diamagnetic drift.

The fluctuation spectra have their highest peak at 40 kHz. Figure 2 shows the
dependence of the fluctuation at 40 kHz on the neutral pressure, Po. dN/dr is the
density gradient of the plasma at r = 4 cm. The fluctuation amplitude increases as
the density gradient increases, which implies that the fluctuation is driven by the
plasma density gradient. The fluctuation has three distinct features: (1) the frequency
is in the range of the plasma diamagnetic drift frequency; (2) the propagation is in
the direction of the electron diamagnetic drift; (3) the fluctuation is driven by the den-
sity gradient. Hence, the fluctuation at 40 kHz is identified as a plasma drift wave.

The hot electrons have a stabilizing effect on the plasma drift wave. The depen-
dence of the stored energy, W, of the hot electrons and the fluctuation amplitude of
the plasma at 40 kHz on the magnetic field strength, Bo, is presented in Fig. 3. The
hot electrons with high stored energy reduce the fluctuation amplitude of the plasma.
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FIG. 2. Po dependence of fluctuation amplitude and plasma density gradient.
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FIG. 3. Bo dependence of plasma fluctuation and stored energy of hot electrons.

A movable probe is used to eliminate the hot electrons. Figure 4 shows the radial pro-
files of the plasma fluctuation at 40 kHz when the probe is inserted at different posi-
tions. In Fig. 5, Nj is the ion density near the cavity wall. As the hot electrons are
eliminated by the probe, the fluctuation increases, the local density gradient increases
and the radial plasma loss is enhanced.
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10

FIG. 4. Radial profiles of plasma fluctuation. Curves 1,2, and 3 correspond to positions of movable
probe at 11, 9 and 7 cm, respectively.

2.5

2.0

FIG. 5. Stored energy W of hot electrons and radial loss and density gradient of plasma as functions
of radial position of movable probe Rp.

3. LOW FREQUENCY INTERCHANGE MODE

The low frequency plasma interchange mode is the MHD instability that is most
dangerous to a mirror confined plasma. We find the real part of the frequency of the
interchange mode to be [5]

1 ,
- (co ,

«(CO.J - 0Jdi) (5)
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and the stability condition:

2(codi - o d e )K 2 a
2af q>de)K

2a2 -2

•i - w d i

(6)

For the hot electron plasma in the present experiments, this condition is satisfied for
a > 5%. From Eq. (5), an interesting feature is that the value of wr and the propa-
gation direction of the interchange mode will be determined by the hot electron
component if a reaches about 0.1%. The local magnetic well produced by the high
beta hot electron ring can also stabilize the interchange mode, which requires
ft, > 30%.

The effects of hot electrons on the plasma interchange mode are observed in the
experiments. In the fluctuation spectra of Fig. 1, there is a weak peak at about
100 kHz. The frequency of the fluctuation peak increases from 100 kHz to 140 kHz,
directly proportionally to the fraction of hot electrons. The phase spectrum indicates
that the fluctuation propagates in the direction of the electron diamagnetic drift when
the hot electron component is large enough, and in the direction of the ion diamag-
netic drift if there are no not electrons. Therefore, the fluctuation is identified as the
interchange mode drive ti by the plasma. Similar results are observed in the EBT
experiments [8].

Figure 6 shows the influence of the hot electrons on the fluctuation of the inter-
change mode. The line density data are obtained by changing the magnetic field
strength, and the ion density data are found by changing the position of the movable
probes. It is obvious that the hot electrons have a stabilizing effect on the plasma
interchange mode.

0.2 0.4 0.6
cc( arb. unit )

0 . 8 1.0

FIG, 6. Plasma fluctuation at interchange mode frequency as a function of a.
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4. DISCUSSION

The theoretical analysis shows that the hot electron component can stabilize the
low frequency interchange mode and the drift wave driven by the plasma. The stabili-
zation of the interchange mode occurs for a = 5 %, while that of the drift wave takes
place for a = 40%.

It is observed in the experiments that the plasma drives the drift wave at 40 kHz
and the interchange mode at about 100 kHz. The drift wave, with a fluctuation ampli-
tude much higher than that of the interchange mode, is excited in the region of the
maximum density gradient. The hot electrons reduce density gradient, fluctuation
amplitude and radial plasma loss. The stored energy of the hot electrons in the experi-
ments is not sufficient to produce a local magnetic well, so the stabilization of the
plasma perturbations is brought about by the hot electron component.

In addition, we have studied the higher frequency instabilities driven by hot
electrons [9]. The hot electron interchange mode can be stabilized by the cold plasma.
After considering the line tying of the conducting end plates, we find that a cold elec-
tron component of 1 % only is sufficient to stabilize the higher frequency interchange
mode. An important feature due to line tying is that the low mode number hot electron
interchange mode can be stabilized more easily, which implies that the high mode
number interchange mode will be excited more frequently. We also find that the hot
electron drift wave has two modes [10]. One is a fluctuation at the ion cyclotron fre-
quency with very weak damping, and the other one is a pure growth mode with the
growth rate equal to the electron-ion collision frequency. Hot electron perturbations
have been observed in the experiments.

REFERENCES

[1] MILLER, R.L., VAN DAM, J.W., Nucl. Fusion 27 (1987) 2101.
[2] NELSON, D.B., Phys. Fluids 23 (1980) 1850.
[3] JAEGER, E.F., BERRY, L.A., HEDRICK, C.L., RICHARDS, R.K., Nucl. Fusion 25 (1985)

71.
[4] HILLIS, D.L., et al., Phys. Fluids 29 (1986) 3796.
[5] HUANG, Chaosong, QIU, Lijian, REN, Zhaoxing, Acta Phys. Sin. 37 8 (1988).
[6] HUANG, Chaosong, REN, Zhaoxing, CHEN, Shixian, ZHANG, Suqing, Basic features of a hot

electron plasma in a simple mirror, Chin. J. Nucl. Fusion Plasma Phys. 7 (1987) 151 (in
Chinese).

[7] HUANG, Chaosong, QIU, Lijian, REN, Zhaoxing, in Physics of Mirrors, Reversed Field
Pinches and Compact Tori (Proc. Course and Workshop, Varenna, 1987), Vol. 3, Editrice Com-
positori, Society Italiana di Fisica, Bologna (1987) 1199.

[8] KOMORE, A., Nucl. Fusion 24 (1984) 1173.
[9] HUANG, Chaosong, REN, Zhaoxing, QIU, Lijian, Acta Phys. Sin. 36 (1987) 1027.

[10] HUANG, Chaosong, QIU, Lijian, REN, Zhaoxing, Stabilization of hot electron drift waves, sub-
mitted for publication in Chin. J. Nucl. Fusion Plasma Phys. (in Chinese).





IAEA-CN-50/C-IV-l

FIELD REVERSED CONFIGURATION
EXPERIMENTS*

R.E. SIEMON, R.E. CHRIEN, W.N. HUGRASS1,
S. OKADA2, D.J. REJ, D.P. TAGGART,
M. TUSZEWSKI, R.B. WEBSTER, B.L. WRIGHT
Los Alamos National Laboratory,
Los Alamos, New Mexico

J.T. SLOUGH, E.A. CRAWFORD,
A.L. HOFFMAN, R.D. MILROY
Spectra Technology, Inc.,
Bellevue, Washington

G.C. VLASES, R.D. BROOKS, B. KRONAST3,
Z.A. PIETRZYK, R. RAMAN, R. SMITH
University of Washington,
Seattle, Washington

United States of America

Abstract

FIELD REVERSED CONFIGURATION EXPERIMENTS.
Field reversed configurations with equilibrium separatrix radii up to 0.18 m have been formed

and studied in FRX-C/LSM. For best formation conditions at low fill pressure, the particle confinement
exceeds the predictions of LHD transport calculations by up to a factor of two; however, the inferred
flux confinement is more anomalous than in smaller FRCs. Higher bias field produces axial shocks and
degradation in confinement, while higher fill pressure results in gross fluting during formation. Field
reversed configurations have been formed in TRX with s from 2 to 6. These relatively collisional FRCs
exhibit flux lifetimes of 10-20 kinetic growth times for the internal tilt mode. The coaxial slow source
has produced annular FRCs in a coaxial coil geometry on slow time scales using low voltages.

•1. CONFINEMENT AND FORMATION IN THE
FRX-C/LSM EXPERIMENT

1.1. Description of Experiment
Previous studies in LSM compared tearing and nontearing formation in a

coil arrangement which included passive mirrors and auxiliary cusp coils[L]. The
present studies use a straight coil (0.35 m radius, 2.0 m length) without passive

* Work supported by the United States Department of Energy.
1 Present address: New England University, Armidale, New South Wales, Australia.
2 Permanent address: Osaka University, Osaka, Japan.
3 Permanent address: Bochum University, Bochum, Federal Republic of Germany.
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Table 1: Zero-Dimensional Power Flow Analysis for 3 nitorr FRCs

Ions
Electrons

EP

6.1
2.7

Ep

-57
-12

Pep

11
5

Pa

3
2

Pei

-27
27

Lc

44
20

0
27

Ep = thermal energy, Pep = compression power, PQ = Ohmic power, Pei =
equilibration power, Lc — convection losses, L^ = losses other than particle
convection (energies in kJ, powers in MW).

mirrors; in this case, the cusp coils promote nontearmg formation and provide
mirror fields to inhibit axial drifting. Tliis arrangement increases the length
(from 1.3 to 2.0 m) and the length-to-diameter ratio (from 1.7 to 2.9) of the
uniform field region. It also increases the implosion electric field from 28 to 33
kV/m. These changes tend to produce more elongated FRCs, but in all cases
the axial equilibrium appears not to be influenced by the mirror fields. The
FRCs are formed using a deuterium static fill varying from 2 to 10 mtorr, a bias
field varying from 0.05 to 0.10 T, and preionization consisting of a zero-crossing
ringing 0-pinch discharge aided by a 10 MHz RF generator.

1.2. Low Density FRC Confinement Studies

The best confined FRCs in FRX-C/LSM are formed using fill pressures of 2-4
mtorr. Equilibrium parameters have the typical range n = 0.5 — 1.2 X 10?1m~3,
(Ti + Te)/2 = 170 - 400 eV, B = 0.35 - 0.55 T, separatrix radius rs = 0.14 - 0.18
m, trapped flux = 3-5 mWb, s parameter = 1.0-2.2, ts ~ 1.8 m, and {(3) ~ 0.9.
Confinement times for particles, flux, and energy of r/y < 250 /.is, r^, < 270 //s, and
TE < 100 us are obtained by fitting data from collections of similar discharges.

For 3 mtorr low field (B = 0.39 T) conditions, the electron temperature at
the field null was measured by Thomson scattering to be 140 ± 20 eV during
the equilibrium phase. Tliis temperature exceeds the values obtained at similar
magnetic field in smaller FRCs[2] (80-100 eV) and also the prediction of an open-
field-line thermal conduction model[3] (70-80 eV).

The particle confinement has been compared with a transport model[4] based
on lower hybrid drift (LHD) resistivity. For 2-3 nitorr FRCs, rjv exceeds the
LHD prediction by a factor 1.5-2 while for 4 mtorr the measurements fall below
the LHD prediction. The inferred[2] flux confinement has been compared with
models based on classical perpendicular resistivity. For 2-3 mtorr FRCs, the
prediction exceeds the measured T$ by a factor 10-20; for 4 mtorr the anomaly
is 15-50. These anomaly factors are larger than the values 3-7 usually observed
in smaller FRCs[5].

A zero-dimensional power flow analysis[6] was performed for the 3 mtorr low
field conditions (Table 1). The major loss channel is particle convection (5/2 kT
per particle), accounting for about 70% of the total losses. The remaining part of
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FIG. 1. Variation of flux confinement time T^ in FRX-C/LSM (rcoi, = 0.35 m) and FRX-C (rmi, =
0.25 m) with inverse shock strength as measured by the minimum elongation of the I n dl profile, e^,
normalized by an estimate of the initial elongation eM. The confinement times are plotted with different
ordinate scales to remove the r*oi, dependence.

the energy loss appears in the electron channel and probably represents anomalous
cross-field thermal conduction. In comparison with the power flow analysis of
smaller 5 mtorr FRCs in FRX-C[2] with similar collisionality, both the convection
and conduction channels show an improvement in confinement by a factor 3.4.
Of this improvement, one might ascribe a factor 1.9 to the increase in r^/pio, a
factor 1.4 to the x, scaling predicted by LHD theory, and the remaining factor
1.3 to other improvements for the LSM conditions.

1.3. FRC Formation Studies
The three most important experimental parameters affecting PRC formation

in LSM are the fill pressure, the strength of the bias field, and the timing of
the ringing 0-pinch preionization. The effect of these parameters was observed
by using an axial array of side-viewing interferometer chords to monitor axial
contraction strength, an end-viewing visible (500-600 nm) framing camera with
0.2 [.is exposure time to monitor azimuthal symmetry during the preionization
and formation tip to the axial contraction, and the usual excluded flux diagnostic
to monitor r^ and TE during the equilibrium as a measure of the quality of
formation. Recently, an eiid-viewing soft x-ray pinhole camera with 2 ^s exposure
time has been used (in collaboration with E. A. Crawford[7]) to monitor azimuthal
symmetry of the Te > 20 — 30 eV plasma after the radial implosion.



520 SIEMONetal.

( b )

FIG. 2. End-viewing x-ray photographs of the FRC separatrix shape for (a) optimum 3 mtorr conditions
at t = 41 /is and (b) 5 mtorr conditions at t = 6 us.

At preionization timings for wliich good confinement could be obtained, mea-
surements of the axial variation of the line-integral density distribution indicate
that the density profile is relatively uniform at the start of formation. Visible
framing photographs show a current sheath which is fairly symmetric azimutbally
for all conditions, exhibits radial oscillations, and appears to be leaning on the
inner wall of the quartz vacuum chamber at the best formation times.

For low fill pressures, a transition from good to bad confinement occurs as the
bias field is raised and an axial shock occurs during formation. The correlation
of the axial shock, as measured by a normalized minimum elongation parameter
at peak axial contraction, with degradation in flux confinement is illustrated in
Fig. 1, wliich also includes data from earlier axial contraction studies in FRX-
C[8]. The onset of axial shocks is observed at lower bias field than in the smaller
FRX-C experiments. Tliis behavior is related to reduced radial and resistive
heating during the radial implosion and compression because of the increased
size in FRX-C/LSM[9].

The separatrix shape of the low fill pressure FRC's, as observed with the
x-ray camera, tends to be azimuthally symmetric or exliibit low toroidal mode
number, low amplitude asymmetries. During the equilibrium, an on-axis intensity
minimum is usually observed in the better FRCs (Fig. 2(a)) similar to the TRX
visible continuum measurements described later in this paper. A wide variation
in confinement is observed for FRCs which exhibit similar degrees of asymmetry.
However, the confinement tends, on average, to correlate with the symmetry. The
correlation is similar for asymmetries observed during formation or during the
equilibrium.'

For fill pressures exceeding 4 mtorr, consistently good confinement could not
be obtained. Between 4 and 5 mtorr, gross asymmetries begin to appear following
the radial implosion. The asymmetries are characterized by large toroidal mode
number and amplitude and suggest a fluting instability. At 5 mtorr sharp spikes
are observed on the separatrix, especially at liigh bias (Fig. 2(b)); these features
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become less pronounced at higher fill pressure. The behavior of the axial contrac-
tion also changes at these fill pressures. FRCs formed at 5 mtorr always contract
strongly (transient minimum elongation emci < 2), regardless of bias field, and
the confinement is always poor. In particular, very short transient elongations
(smd < 1-5) are observed at low bias field (< 0.05 T) under conditions for which
only a weak-to-moderate axial contraction is expected based on the predictions
of a formation model [9] wliich correctly predicts the onset of axial shocks in the
2-4 mtorr data. At 10 mtorr, £mcj varies greatly for a given bias field as a result
of variations in the amount of bias flux remaining after the preionization. The
variation of T^ with em^ is similar to that of the 2-4 mtorr FR.Cs, except that
consistently good confinement is not observed for weak axial contractions.

1.4. Discussion

FRC confinement and reproducibility have improved considerably in the present
coil geometry in comparison with previous LSM results[l]. Since the largest hard-
ware change was the increase in coil elongation, tliis improvement suggests the
importance of forming FRCs with sufficient elongation and avoiding interaction
of FRCs with mirror fields. The best FRCs in LSM have particle confinement
up to twice the prediction of LHD transport theory. These FR.Cs are sufficient
in all respects for heating to T; > 1 keV in liigh power magnetic compression
experiments during 1989-90. However the flux confinement in LSM shows larger
resistivity anomalies than in smaller FRCs. The 4 mtorr data represent the be-
ginning of a transition to irreproducible or generally poor formation observed
at higher fill pressures. The degradation of particle confinement in conjunction
with reduced flux confinement in the 4 mtorr case is consistent with the general
pattern in FRCs that r̂ y < T^.

Formation studies in LSM have identified two mechanisms for a transition
from good to bad confinement. At low fill pressures, the onset of an axial shock
as the bias field is increased correlates well with degradation in flux confinement,
as previously observed in FRX-C. Axial shocks degrade confinement in FRX-
C/LSM in spite of tliree improvements over formation in FRX-C: nontearing
formation, liigher viscosity, and optimum timing of the axial contraction at peak
field. The axial contraction limitation is more severe in LSM because of reduced
radial and resistive heating that accompanies the increase in radial dimension. At
liigh fill pressure, gross fluting of the separatrix is observed prior to the peak of
the axial contraction and axial shocks are unexpectedly difficult to avoid. Further
work is needed to understand these phenomena and to assess the relationsliip (if
any) between fluting and axial shocks.

2. EXPERIMENTAL STUDY OF FRCs AT LARGE s
FRCs have been predicted in numerous calculations to be unstable to the

internal tilt modeflO]; yet FRCs have been found experimentally to persist for
many MHD growth times[l.l] {TMHD - length/2tu). Ion kinetic effects have been
calculated to considerably reduce the growth time when the effective number
of internal ion gyroradii, represented by the parameter s, is small[l]. For all
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previously reported FRC experiments, s was less than or equal to 2, and the
observed configuration time, wliich was governed by the flux decay rate, was
never more than several kinetically adjusted growth times. It was possible, by
operating the TRX experiment[l2] at Spectra Technologies, Lie. well beyond
its normal parameter space, to form FRCs at much liigher values of s. Tliis
operation included use of high bias fields, high fill pressures, hydrogen rather
than deuterium, and low filial fields. Normally formation was impossible under
these conditions due to severe implosion dynamics, but new improved operation
techniques, such as high order barrier fields to symmetrize the implosion and
reduce impurities, allowed high flux, cold FRCs to be formed in a small radius
device. All of the above factors tend to increase s.

The cold (T; ~ 100 eV), high flux (<f>p = 2 - 4 mWb) FRCs formed under
the above conditions experienced extreme axial dynamics, and did not exliibit
the extremely favorable lifetime scaling with s noted with hotter, more gently
formed FRCs[ll], but they appeared to be grossly stable. The configuration
lifetimes of about 100 fis were similar to those of the lower s FRCs, and the flux
lifetimes ranged from 40 to 110 y/.s, with no clear dependence on s. The lack of
continued lifetime improvement with increasing s could reflect either the increase
of collisional resistivity at the lower temperature, or an increase in MHD activity.

It is significant that these cold, MHD-like FRCs survive as long as they do,
since the internal tilt mode is predicted to be such a virulent instability. The
measured fhix lifetime r^, normalized to the calculated tilt growth time, adjusted
for kinetic effects, Ttut[l], is plotted on Fig. 3(a) versus s. FRCs are observed
that survive for over ten predicted growth times, even when kinetic corrections
are made to the calculated internal tilt growth rate.

The internal tilt mode is difficult to diagnose, especially during its early
phases, since internal magnetic probes cannot be used. A iion-perturbati ve di-
agnostic involves the use of end-on visible continuum radiation, wliich lias been
found to be more sensitive than end-on interferonietry. Post processing of nu-
merical equilibrium calculations shows that an annular profile is characteristic of
a well formed FRC, and we have made use of this fact in previous evaluations of
successfid formation[ll]. Experimentally (and numerically), this annular profile
becomes more pronounced as s increases, eventually reaching a profile such aa
shown on Fig. 3(b). A 3-D munerical code was used to follow the development
of the internal tilt of an MHD plasma[l3], and post processing of those calcu-
lations shows the atmular profile to disappear with the development of the tilt.
Once annular profiles were observed experimentally, they were not observed to
disappear, and the FRCs were not observed to be suddenly destroyed.

Previously, with less optimal formation techniques, FRCs could only be formed
on TRX with s values up to 2. With the new formation improvements, annular
appearing FRCs could be formed on TRX with s values up to about 4. The lack
of successful formation at higher values of s could be attributed to either excessive
dynamics (formation problem), or an exceedingly rapid tilt rate, perhaps aided
by initial asynunetries. In the recent experiments, plasmas with inferred s values
beyond 5 could be formed that had reasonable lifetimes (many axial flow times).
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However, these plasmas had a flat end-on radial intensity profile, and could not
be called 'well-formed' FRCs (normalized decay rates are also shown for these
plasmas on Fig. 3(a)).

The present experimental results at liigh s indicate that the observed FRC
stability may not be explained solely on the basis of ion kinetic effects. Numerical
and analytic work is proceeding on other stabilizing mechanisms, such as plasma
rotation or separatrix shaping. The final work must await the completion of a
large s experiment, wliidi will be capable of forming both high s and hot plasmas
in a large radius device.

3. SLOW FORMATION OF ANNULAR FRCs IN THE
COAXIAL SLOW SOURCE

The CSS experiment at the University of Washington was designed to cre-
ate "annular FRCs" (AFRCs) on a diffusive time scale and at voltages of 1/10
to 1/50 of those used in conventional FRC generators. It produces closed-line
poloidal-field-only plasma in the annulus between concentric 9 coils 1 m long,
with diameters of 0.12 and 0.42 m. The CSS was first operated with an effective
risetime of 26 JJS[14], while the loop voltages remained < 2 kV , and the preioniza-
tion system and diagnostics were upgraded. With tliis new system, configuration
lifetimes at fill pressures of 20 mtorr increased from 40 to 80 /zs. Since the Alfven
speeds in the plasmas which are produced have remained about the same, this
indicates that plasma termination does not result from MHD instability. The
CSS produces AFRCs over a range of pressure from < 4 to > 80 mtorr, with
typical trapped flux values of 6-10 mWb. Figure 4 shows traces from Bz probes
at the midplane near the inner and outer coils for a range of filling pressures and
constant voltages. It can be seen that following the initiation of field reversal
there is a pressure-dependent dynamic phase, during which the waveforms show
effects of both radial and axial motion. This is followed by a quasi-steady period
with edge fields of 0.15 to 0.20 T. Plasma termination begins about the time of
crowbar-induced wall contact, and its suddenness appears related to the thermal
diffusivity.

In contrast to conventional FRCs, the separatrix in the CSS is not associated
with a given flux surface, but moves from one to another as flux is supplied from
the inner coil, creating nested near-vacuum flux surfaces surrounding the plasma.
The inner flux surfaces contract toward the null, while the x-points move toward
the coils ends and remain there. At. po = 20 mtorr, Thomson scattering shows
very high density (> 1022in~3) and low electron temperature (~ 7 eV) near the
null at the time of peak field, ~ 25 /is. This indicates very strong axial and radial
compression of the inner, plasma-carrying flux surfaces. For weak curvature, B\
is proportional to the plasma pressure (at the reversal layer). The temperature
is probably clamped by the carbon radiation barrier, as less than .2% C could
be needed to balance the Ohmic input power for these conditions. The plasma
subsequently re-expands to about n€ ~ 1.5 X 1021in~3, and heats to Te ~ 20 eV,
where it may be limited by an oxygen radiation barrier. The postulate T; = Te
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FIG. 4. Bz versus t near the outer (upper curves) and inner (lower curves) coils at the CSS midplane.

Numbers on curves are filling pressure in mtorr.

is consistent with both the calculated electron-ion equilibration rale and the
external field.

The resistivity inferred from a simple analytical model of the flux balance is
about 1.5 x 10~4fi-m, which is roughly 4 times classical for Z = 1. Later in a
given discharge the transport appears to improve. From Fig. 4 it is clear that
the resistivity, wliich is reflected in the value of B achieved at the plasma edge, is
somewhat lower at high fill pressures than at low, in direct contrast to classical
predictions, for wliich ?/ ~ y-3/2 ^ pj _ 'pjie observed behavior scales more
nearly as Bohm diffusion, or also according to a model by Krall based on liigh
j3 low frequency instability theory[15]. This scaling tends to be confirmed by
numerical modelling using a two dimensional, one temperature formulation with
various transport models[16].

In conclusion, the CSS has satisfied its technological goals of producing FRCs
at very low voltages and on slow time scales. Relatively low power input to the
plasma leads to strong axial contraction, wliich in turn leads to severe radiation
losses and holds the temperature down. The observed resistivity is several times
classical for the 20 mtorr cases.
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Abstract

APPLICATION OF MAGNETIC INSULATION IN A COMPACT TORUS TO THE SUPPRESSION
OF LOSSES AND IMPURITIES AND TO THE ENHANCEMENT OF THE RELATIVE
SEPARATRIX RADIUS - INFLUENCE OF VARIOUS LOSSES UPON THE DYNAMICS OF
FIELD REVERSED CONFIGURATION PLASMA EQUILIBRIUM WITH FREE BOUNDARY.

A 'channelled' discharge and a rotating magnetic multipole are used to ensure the magnetic insu-
lation of a plasma both at the initial stage (breakdown and gas ionization) and the field reversal stage.
The optimum form of the discharge current is found. It is shown that in the optimum regime,
By/Bz a 2, the ionization process is initiated at the axis of the system arid then spreads radially under
control. A favourable plasma density distribution is formed. The plasma parameters can be controlled
independently. Relative separatrix radii of up to 0.8 are achieved. A model permitting the effects of
various losses to be estimated from an observation of the time dependence of the plasma parameters
is set up.

1. INTRODUCTION

Previous experiments on compact torus (CT) programmed formation have
demonstrated the efficiency of this method in the suppression of losses (TOR,
USSR [1]) and in the favourable scaling for the lifetimes TN, TE, T^ (TRX,
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USA [2]). This paper investigates the next step: a new approach towards magnetic
insulation at the start of the process (breakdown and ionization) and when Bz crosses
zero (field reversal), in order to ensure the control of impurities, of the trapped flux
$,„ of the relative separatrix radius X5 and of other factors affecting TN, TE, TV. The
method of setting up this magnetic insulation is the 'channelled' discharge along a
preliminarily created axial magnetic field. This discharge possesses the following
characteristic features:

(i) The ionization process starts in the near-axis region, being accompanied
by subsequent controlled expansion of the plasma column up to rp < rw. This
scenario is opposite to the pinch process, where the discharge starts from the wall
and a radial collapse of the dense, wall generated plasma occurs.

(ii) A favourable density profile formation with a steep boundary and a high
ionization ratio takes place. These conditions are necessary to suppress wall arcs at
the moment when Bz = 0 and to reliably separate the current from the wall at high
values of $,r and rp.

(iii) Unlike schemes with reversal 'on the wall' (without magnetic barrier) [3],
a channelled discharge enables effective Xs control through independent variation of
the plasma density no, the trapped flux Blr and other parameters.

(iv) Finally, separating the plasma from the wall during all pulsed stages is a
condition necessarily to be fulfilled to restrict the most powerful source of CT plasma
pollution.

2. EXPERIMENTAL SET-UP

A channelled discharge was performed by means of circular electrodes at the
ends of the quartz tube. The electrodes were made of about 100 SS rods with a
diameter of 4 mm, circularly placed at a radius of r = 12-13 cm. The ends of the
rods were positioned in the gap between the trigger and the mirror coils on the
magnetic lines of force corresponding to the near-axial region (Fig. l(a)(l)). Along
with the current pinching effect, this enables the ionization process to be directed
from the axis to the periphery and prevents a near-wall discharge. It is important that
this construction does not spoil the conditions for axial CT translation.

A definite programming of the discharge current Iz(t) was used to control the
development of the ionization process and the radial plasma equilibrium. The Z-
current source was composed of four independent capacitor banks supplied with
dumping resistors (Ci « 3 /xF, U ~ 70 kV). It provided a series of DC pulses
(I] « 20-100 kA, T, « 3 jus, tE « 15-20 ps). The fourth pulse was applied at the
moment of B2 reversal and played the role of a magnetic barrier, Bv « Bbias 0.6 kG
at rp « 12 cm. The initial (bias) field rise-time Tbias/4 = 25 (is was co-ordinated
with the duration of the plasma ionization. The reversed field amplitude of
Be = 4-5 kG was chosen so as to achieve Xs < 0.8-0.9, provided that the flux
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FIG. I (a) (1) Electrode positions in the cusp regions of the magnetic configuration for a channelled
discharge; (2) end view of two quadrupole systems for producing a rotational multipole barrier.

(b) Channelled discharge in the optimum regime: (1) axial current, Iz(t); (2) time dependence ofn(r)
for t = t, - t4; (3,4) optical spectrum for X = 400-500 nm at t = t3 and r = 7.5 cm and 14 cm,
respectively.
(c) Spoiling of channelled discharge: (1) deformed current, Ifi); (2) unfavourable n(r) distribution;
(3,4) flash of near-wall radiation and its impurity spectrum at t = t3 and r = 7.5 cm and 14 cm,
respectively; (5,6) impurity diffusion from wall into plasma column.

(d) Axial magnetic inhomogeneity derived from paramagnetic measurements: (J) channelled discharge;
(2) destroyed channelled regime; t1,t2: initial and final phases.
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losses were negligible. The filling pressure was 4.5-10 mtorr. The other parameters
of the experiment can be found in Ref. [3].

Diagnostics: a three-beam axial interferometer (X = 0.63 /xm) for measuring
n£(t) at three points on the radius. End-on and side-on spectral photography in the
optical range with radial and temporal resolutions (spectrograph and electron image
converter in snapshot and chronographic regimes) was used. The magnetic measure-
ments were carried out by means of a multichannel (up to 20) excluded flux system
distributed along the tube with a step of 65 mm.

3. FIRST STAGE: IONIZATION AND MAGNETIC FIELD TRAPPING

These studies and experimental results refer mainly to the pulse phase of the CT
formation which, as experience shows, predefines the plasma parameters and the loss
rate in the next quasi-stationary phase although the final configuration is topologically
invariable (compare, for example, Refs [2] and [4]).

Suppression of discharges along the dielectric wall and organization of 'volume'
ionization are the first and steadiest effects of the approach in question. The
interferometer shows, with high reproducibility, that in the near-axis region
the plasma appears 5-7/ts earlier and its density then rises noticeably faster
(rt « 1014 cnr'-pis"1) at the periphery. As a result, a dome-like density distribution
n(r) is obtained and preserved during the entire process.

This is in agreement with end-on photographs, which record the whole cross-
section of the chamber, including the wall. At the beginning of the process, the
deuterium line intensities D^ and DY in the spectral range of X = 400-500 nm have
maxima on the axis (Fig. l(b)(3), (4)) and behave like n(r,t). It is important that,
besides this, only bremsstrahlung radiation is recorded in the indicated range, the
sensitivity of the device being adjusted to the D3 intensity. The other reproducible
characteristics of the channelled discharge are azimuthal symmetry, axial
homogeneity and the diffuse character of the irradiation. This result is of general
importance and presents an obvious diagnostic advantage: radial slot chronography
characterizes the process, in general.

The time dependence of the axial current, Iz(t), and its synchronization relative
to the rising bias field, Bz(t), greatly affect the ionization process and the dynamics
of the impurities. The equidistant positioning of the current pulses with a total current
modulation depth of 0.5 proved to be optimum (Fig. l(b)(l)). In this case, the ioniza-
tion ratio steadily approaches 1 at the instant of the fourth pulse. It is worth paying
attention to the local density behaviour, especially at the beginning of the process:
a monotonic rise in the peripheral region (8-12 cm) versus an oscillatory growth on
the axes (0-4 cm).

The following facts refer to the axial homogeneity of the magnetic configuration
as estimated from the diamagnetic loop signals. Figure l(d)(l) reflects the charac-
teristic evolution of the inhomogeneity factor Ar/r, which was derived from the
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measured ratio AII/II (II = Be - {BJ is the paramagnetic signal), using models
with sharp and diffuse boundaries. The ionization process starts with a moderately
long wave radius modulation, Ar/r « 0.2-0.3, which afterwards is damped down to
Ar/r < 0.05. In conclusion, it is necessary to note that the favourable 'soft' density
profile behaviour and axial homogeneity (Ar/r <S 1) are obviously consequences of
the enhanced magnetic diffusion in the Z-pinch (this follows, in particular, from the
monotonic character of the density growth at the periphery).

The situation changes drastically when the current profile, Iz(t), looks like a
single pulse with relatively high amplitude (~50 kA). In this case, the evolution of
the density profile n(r) (Fig. l(c)(2)) shows the plasma expanding up to the wall.
Simultaneously, a flash of plasma radiation is recorded in the entire diagnosed spec-
tral interval, with pronounced initial localization near the wall (Fig. l(c)(3,4). The
intensities of C II, C III, O II, Si II become comparable to the deuterium lines, and
their radial profile expands from the walls with a velocity of (1-3) X 106 cm-s"1

towards the central zone (Fig. l(c)(5,6). This process is accompanied by a growing
axial inhomogeneity of relatively high amplitude (Ar/r = 0.15 — 0.4; see
Fig. l(d)(2)). The unfavourable conditions with Bv exceeding the momentary value
of Bz (Bv>/Bz = Iz(t)/2rpBz(t) > 2) produce a highly pronounced pinching effect
with in = 0 distortions and a rapid radial expansion enforced by a peaked shape of
the current pulse. A simple reduction of the amplitude does not, however, improve
the situation because it leads to a low ionization ratio and does not eliminate the
strong radial dynamics. These results clearly display characteristic signs of the
optimal regime: the B ,̂ and Bz values are close to each other, and the time needed
for full ionization is in accordance with bias field rise-time and the pulse duration,
Tt, of the z-current.

4. REVERSAL

The application of a magnetic barrier to the Bz reversal leads to the following
physical results:

As is shown by interferometric measurements, the plasma does not touch the
wall while Bz crosses the zero; after reaching the condition |B e |> |B t r | , a sharp
density drop at a radius of r = 12 cm is observed: result of the radial compression.
During the interval with |Be| ^ |Btrl» the density distribution keeps its dome-like
shape. End photographs taken with X- and r-resolution do not record the characteris-
tic signs of a plasma-wall interaction. The only impurity line visible in the volume
radiation at the sensitivity mentioned above is C III (X = 465 run), which is believed
to come from the oil of the turbomolecular pumps. Figure 2(b) refers to moments
before (t0 and after the reversal (t[, t2) and shows that the C III radiation is
detached from the wall; the gap rises in time. It is well known that on-wall reversal
always produces enhanced near-wall radiation with plenty of impurity content [5].
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FIG. 2(a) Time dependence of diamagnetic signal D/D,: (1) the Bv magnetic barrier is produced by
a channelled discharge; (2) 'on the wall' reversal.

(b) Radial distribution ofC III radiation for three instants of time: t, — before Bz reversal, t2>t3 — after
reversal.
(c) Xs during radial compression (t,,t2) and axial CT relaxation (t3).
(d) Flux lifetimes, Tf, in channelled discharge regime compared to scaling [2).
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The diamagnetic signal is observed to reveal a qualitatively new behaviour. In
all reversed field theta pinch experiments with wall continement the dominant feature
of the reversal is a so-called 'inertial' overshot (Fig. 2(a)(2)) caused by a heavy circu-
lar layer of condensed plasma which contains, as is shown by calculations, up to one-
half of the initial particle inventory [3]. The use of the magnetic barrier makes the
inertial overshot vanish, so that D, « D^. This can only be explained by the
elimination of the plasma condensation at the wall. This effect is accompanied by a
strong reduction of the amplitude of the subsequent diamagnetic oscillations
(AD/DK, = 0.5 — 0.1-0.2) and a rise of their frequency.Thus, all the physical data
stated attest to the fact that the channelled discharge directly supports the radial
equilibrium when Be — 0 and gives rise to the 'volume' character of all processes
(ionization, reversal), with distinct detachment of the plasma from the wall.

One of the fundamental CT parameters that is directly connected with the ioni-
zation and reversal procedures is the trapped flux. In the case of wall confinement
during reversal, just trapped flux losses (up to 50% and more) as well as accompany-
ing phenomena define a rather narrow region for Bbias and no, where CT formation
is possible, and restrict the final parameters, in particular the relative radius Xs.

Measurements of the $ tr loss rate show its sensitivity to magnetic barrier
parameters. In the optimum case, a drastic reduction of the losses is observed up to
the level set by the accuracy of the measurements. In this case, the initial closed flux
level derived from the diamagnetic signals coincides with the value of BzOirrp, where
the initial field Bz0 and the plasma radius rp (at the level of n = 0.1 n ^ ) are meas-
ured directly.

Thus, the channelled discharge provides the unique possibility of controlling
the closed flux $>cl and the relative radius Xs, i.e. values of Xs « 0.7-0.8 were
steadily observed in these experiments. Overcoming the threshold of Xs < 0.5 that
is typical of the previous experiments is understood to be of great importance,
especially in view of the scaling TN OC XS

35 [2] found for the programmed
formation.

Achievement of greater Xs values has led to a drastic rise in the plasma energy
content (up to 0.5 instead of the former value of 0.1). At the same time, the energy
dissipated at the wall has decreased many times — an essential fact for thermonuclear
extrapolations, because the thermonuclear perspectives of the compact torus with
wall confinement are unpromising, on the whole, because of wall evaporation,
impurities, Xs limitations, etc. Similarly to Fig. 2a(a), the results were obtained
with the help of another type of magnetic barrier produced by two oscillating quadru-
pole systems which had a ir/4 angle 'shirt' and T/4 phase 'shirt' (the quadrupole
angular velocity is 0.5 rad-s"').

5. CONCLUSIONS

The results presented here constitute the basis of another experimental cycle
devoted to the physical consequences of the formation of magnetical insulation with
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respect to relaxation, heating, equilibrium and life-times. These goals require the use
of a technique developed for this purpose in combination with a method of ballooning
formation [3]. Improvement of the electrotechnical parameters (Be e-folding time
and its modulation level) is also needed. Nonetheless, some estimates obtained for
'reduced' experiments are of a certain interest.

The influence of the formation of magnetical insulation on the flux loss rate in
CT is clearly seen from Fig. 2(a). The flux life-times, 7 ,̂ estimated from the
preliminary data of this experiment, are presented in Fig. 2(d), in comparison with
the scaling [2] for ballooning formation. As far as this result is a consequence of
magnetic insulation only, we may, evidently, state that its efficiency is equal to, or
exceeds, that of controlled field reconnection (which produces scaling [2]).

6. COMPUTATIONAL PART

In experiments with field reversed configurations (FRC) [1, 2], the evolution
of the plasma in the stable stage is determined by two factors: a change in the external
confining magnetic field, and in the particle and heat flows. In this paper, a quasi-
equilibrium transport model, which enables us to estimate the life-times and the
effects of various losses, is proposed.

(i) It is assumed that (a) an FRC generated in an ideally conducting long
cylinder is axisymmetric; (b) a plasma with nested magnetic surfaces is separated
from the cylinder walls by a region which may be regarded as a vacuum due to
the quick ejection of matter along unclosed field lines towards the cylinder ends;
(c) there is no toroidal magnetic field component, B = V^ X Vp; the separatrix
^(r, z, t) = 0 is not known beforehand.

(ii) The model described requires the combined solution of the two-
dimensional equilibrium Grad-Shafranov equation:

\ B$ \ + d ( \ ty
dr V r dr / dz \ r dz

,> >0

,i <o

= 0, ^(0, z) = 0, ^(r0, z) = \pQ < 0, i/<rm, z j = î maxW
6 Z | Z=±OO

and. the one-dimensional mass, energy and field transport equations averaged over
moving magnetic surfaces:



dN
at

ap
at

+ u »
3a

u a P

3a

t) = u(Q,

IAEA-CN-50/C-IV-2

- o

7 — I

t) = 0

535

Here, r0 is the cylinder radius, rm and zm are the magnetic axis co-ordinates,
a(r, z, t) € [0, 1] is a marker of the magnetic surfaces in the plasma, N(a, t) is the
number of particles in volume V(a, t), n(a, t) = 5N/dV is the density,
p(a, t) = Pn7 is the projection of the averaged transport velocity normal to the sur-
face a(r, z, t) = const, -q is the resistance, Q are terms involving heat conductivity
and radiation, and <... > denotes volume averaging.

The system of Eqs (1) and (2) consistently describes both the changing configu-
ration of the magnetic surfaces, a(r, z, t) = const, and the one-dimensional transport
(averaged over the magnetic surfaces), i.e. the functions N(a, t), P(a, t), ¥(a, t),
U(a, t), p(a, t), and n(a, t).

(iii) An efficient computational code [3] based on the concept of grids
adaptable to magnetic surfaces (the ROLAR code) [4] was used to compute the evolu-
tion of FRC plasma equilibrium with a free boundary. The mass or poloidal flux por-
tion was used as a Lagrange variable, a = N(a, t)/N(l, t), a = 1 - ^(a, t)/^(0, t).

(iv) The effects of finite conductivity, heat conductivity, radiation and external
field variations upon FRC dynamics are studied. The results show that the
consistency of MHD equilibrium and transport equation is of importance. In
addition, because of the absence of a plasma steady state and exponential damping,
the choice of the initial conditions is essential. It is shown that the evolution strongly
depends on the relations between various transport coefficients and their spatial
distribution. Estimates of life-times for mass, energy and magnetic flux are obtained.
In the case of low heat conductivity and radiation as well as a geometrical scale
independent resistance profile, these life-times are in good agreement with the simple
scaling r oc Xs

o(8), where a is the power index, and Xs and 8 are the relative thick-
ness and the elongation of the plasma. For an equilibrium configuration with 8 = z,
the values of a corresponding to the particle, energy and magnetic flow life-times
(TN, TE, T$) are as follows: aN = 3.5, aE = 2.7, c^ = 2. The quantity a^ appears
to be independent of the elongation 6. The CT behaviour was found to depend on the
spatial distribution of the plasma resistivity r). When r) decreases towards the plasma
boundary (separatrix), the torus length z and the elongation 6 both increase in time
while the radius decreases. If other types of resistivity profile are assumed (constant
or increasing towards the separatrix), r, z and 6 decrease simultaneously. This effect
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J , * 7

FIG. 3(a,b,c) Magnetic CT configurations as a result of evolution from state "0"for various resistivity
profiles a,b,d. X: magnetic axes {rm,z^>; +: position of stationary point. The time dependence is
shown for particle inventory N^t), internal magnetic flux ij/(t) and plasma energy t(t) = ]/(y — I)
x hpdv fall variables are normalized with respect to their maximum values).

is the result of the time evolution of the current distribution in the plasma. The model
constructed provides, in principle, a possibility of estimating the effects of various
losses by observing the time behaviour of the plasma parameters in the experiments.
Figure 3 shows magnetic CT configurations for various resistivity profiles.
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Abstract

INVESTIGATION OF CONFINEMENT PROPERTIES OF SPHEROMAKS.
Important new results from two major spheromak devices are reported. The S-l device was used

to study the scaling of plasma parameters with the current density, compression heating and its effect
on stability, and the cause and consequences of the periodic relaxation events observed in hot plasmas
during the decay phase. In the scaling study a significant finding was that the peak electron pressure,
n^T^, scaled with B,o, where B^ is the peak toroidal field strength. In the compression experiments,
the plasma was compressed self-similarly, keeping the Taylor state intact without invoking flux conver-
sion or relaxation phenomena. With a compression factor of 1.6, a significant increase in the plasma
pressure was observed. In general, the central electron beta value was roughly constant during the com-
pression, which is consistent with the S-l scaling obtained earlier without compression. The ion temper-
ature measured by Doppler broadening of the low-Z impurity line radiation was observed to rise as high
as 0.5 keV. The CTX device was used to study helicity dissipation, evidence for the presence of pres-
sure driven modes, and the ramifications of understanding these results on the design of an improved
configuration. Particularly, in decaying spheromaks in the mesh flux conserver, the rate of current
decay dl/dt was found to depend on the density n, only. This dependence of dl/dt on r^ suggests that
most of the helicity is dissipated in the field error regions at the edge where electron-neutral hydrogen
collisions dominate the electrical resistance. A new solid wall, titanium gettered flux conserver has been
recently used, resulting in less field errors than with previous mesh flux conservers. A factor of four
decrease in dl/dt has been observed.

1 JAYCOR, California, USA.
2 Himeji Institute of Technology, Japan.
3 Osaka University, Japan.
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1. CONFINEMENT STUDIES IN S-1 SPHEROMAKS

After the magnetic characteristics of the S-1 spheromak
were intensively studied [1] using internal and external
magnetic probes, Rogowski coils and flux loops, major efforts
have been made to investigate confinement properties of the
spheromak plasmas. This last phase of the S-1 program was
carried out with an improved machine geometry and a newly
installed vacuum tight flux core. Background vacuum was
improved to less than 3 x 10 Torr. Gross MHD stability was
maintained by a set of Figure 8 coils and funnel-shaped passive
conductors which permitted the production and study of
spheromak plasmas which were completely detached from the
flux core.

1.1 Scaling of S-1 Plasma Parameters and Determination of
Confinement Times

In the present experiment, spheromaks have a major radius
of 50 -j 55 cm and a minor radius of 25 - 30 cm. Toroidal
current ranges typically from 140 kA to 250 kA for magnetic
field strength up to 2.5 kG. Electron temperature and density
profiles have been measured with a multi-point Thomson
scattering diagnostic [2]. A typical profile of electron
temperature is shown in Fig. 1 together with a schematic
diagram for the experimental set-up. The electron density
profile stays relatively flat (with its average value remaining
constant) throughout most of the discharge. It is observed
generally that n e QT e o is constant for a constant discharge
current density j and that n e QT e 0 increases with j.

For a series of -150 discharges, the bank voltage was
increased together with the equilibrium field so that the
magnetic axis position and plasma minor radius were kept
constant. This keeps the current and current density
proportional to the bank voltage, so the temperature and
density can be easily scaled relative to the current density.
Since the plasma is heated primarily by ohmic heating currents,
local current density is the most important factor determining
the peak electron temperature. In the present scaling
analysis, current density j was chosen as the independent
variable.

The circles in Fig. 2 show the peak electron pressure
n e QT e o versus peak toroidal current density j 0 of the plasma
core region for S-1 spheromak plasmas. The peak electron
temperature increases with plasma current as T g o = j 0 , while
the electron density shows little change with j Q . The
resultant electron pressure p e o (=n

eo
Teo^ increases as p e o s

j o . From a least-squares fit of data obtained in a typical
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Multi-point Thomson
Scattering Viewing

Optics

FIG. I {a). Schematic layout of S-l device and multi-point Thomson scattering system.
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FIG. l(b). Example of electron density and temperature profile obtained by the system.

one-day experiment, it is found that neQTeo<*jo
a with a = 1.9 ±

0.4. (The current density is proportional to the poloidal
magnetic field, so that p e o <* B^ for constant plasma cross
section.) It was found in most cases that n e oT e o is
proportional to Bfco , suggesting a constant beta scaling, and
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FIG. 2. Central electron pressure versus peak toroidal field: • : S-1 data without compression; o , 0 .-
S-l data before and after compression, respectively; A : CTX data with 67 cm flux conserver. Lightly
shaded area covers typical experimental data obtained in RFP experiments.

the optimum plasma beta is between 4 and 6%, assuming T e o =
T^o. (In low q pinch plasmas such as spheromaks and RFP's, T^
is generally measured to be higher than T e ) . Data points from
various RFP devices such as OHTE, ZT-40M, and TPE-1RM [3]
reside in the shaded region of Fig. 2. The agreement of the
trend of S-1 data with that of RFP devices suggests that common
physics mechanisms might be determining the maximum beta
value. However, it should be noted that volume-averaged beta
in S-1 decreases with increasing central current density,
suggesting a larger or new loss mechanism in the plasma.

The energy confinement time of the S-1 spheromak plasma
could be determined by monitoring power input through joule
heating and the time evolution of the profiles of the electron
temperature and density. Generally, it was observed that the
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global confinement time, which was determined to be 7 - 15 usec
by using the total input power and the global loss, was shorter
than the central confinement time (~30 - 50 usec), which was
calculated by estimating the power balance in the plasma core
region. The relatively large error of the central confinement
time comes from the fact that the z

effective P
r°file could not

be measured in the present experiment. To estimate the particle
confinement characteristics of the S-1 spheromaks, local
perpendicular transport coefficient, Dit of injected impurity
ions was measured. The diffusion coefficient Dl was found,
from regression analysis, to have linear dependences on Tg and
B . The "Bohm-like" diffusion behavior is consistent with the
results found earlier on the Proto S-1/C experiment [4],
Making an assumption of rn s 10 cm for the density scale
length, values of T ranging from 100 us to 600 us are found.

1.2 Sawtooth-Type Relaxation Phenomena

The internal mechanism and cause of the "sawtooth type"
relaxation events [5], which are often observed, have been
studied in these high temperature discharges and a sawtooth-
like behavior of the electron temperature, coincident with the
relaxation, has now been measured [6]. Figure 3 shows the time
evolution of the T g profile. The radial position in Fig. 3 is
defined as the distance along the laser beam path from the
point where the laser beam crosses the midplane (z = 0 cm, R =
47 cm). After formation of the spheromak (t = 275 usec), the
T e profile gradually peaks until 360 usec, when the peaking is
most pronounced.

5 0 0

RADIUS (cm)

FIG. 3. Time evolution of radial Te profile, showing peaking before a relaxation event. The radial
position is defined by the distance along the laser beam path from the point where the laser beam crosses
the midplane (in Fig. l(a)).
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Figures 4(a), (b) and (c) show the radial profiles of B ,
B t and j t on the midplane as a function of time. The j t
profile near the magnetic axis gradually peaks as time
increases to 360 ysec. The Bfc profile also shows a peaking
during the same period. This is expected because the B t
profile can be interpreted as representing the j t profile,
assuming an approximately constant y profile. Within the
resolution of the T e measurement, the peaking of j t and T e show
a very similar time evolution.

It has been conceived that the resistivity profile
produced by the strong heating in the core region causes the
outer (poloidal) currents to decay faster than the inner
(toroidal) currents. The hollow resistivity profile, in turn,
produces further preferential heating of the center region
(positive feedback), while also causing a further departure
from a Taylor state. During the peaking period, qQ
decreases. When qo falls below 1/2, an n = 2, m = 1 mode was
observed to develop and increase in amplitude.

The "peaking phase" is followed by a "broadening phase".
From 360 ysec to 390 ysec, the profiles of Bfc (and jfc) are
observed to broaden while the slope of Bp near the magnetic
axis decreases. The T e profile (Fig. 3) shows a broadening due
to a sudden drop in central temperature and little change in
the edge temperatures. The density profile and the absolute
value of density ng = 5 • 10 ^ cm"-* change very little during
the relaxation. Although multiple relaxation events are
sometimes observed, a single relaxation is seen in most high T e
S-1 discharges. In the present operation regime of S-1, only
one or two relaxations are expected, although more may be
predicted [7], since the first event can reduce the magnetic
Reynolds number significantly.

1.3 Experimental Investigation of Magnetic Compression of S-1
Spheromak Plasma

Parameter scaling obtained in S-1 in the absence of
compression suggested that high current density j-, or magnetic
field strength B <* ja (where a is minor radius of the plasma)
was important for attaining higher temperature plasmas [2].
During the last phase of the S-1 program, a magnetic
compression of the spheromak plasma was carried out to yield
larger current density and higher plasma pressure.

The compression was carried out in the S-1 device with the
addition of a pair of fast compression coils inside the vacuum
vessel. A current was pulsed into the coils with a rise time
of 100 ysec (or 200 ysec) by activating a 1 MJ capacitor bank
system. Stability of the plasma against low-n number modes was
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FIG. 5. Evolution of poloidal flux plots (i contours) during compression. (Axisymmetry was assumed
to create the plots). Compression is carried out between t = 250 /is and t = 350 /is.
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maintained by the use of a pair of funnel-shaped conductors.
Each funnel was segmented into four sections to reduce the net
toroidal current. The (L/R) decay time of eddy currents in the
sections was more than several milliseconds, much longer than
the total lifetime of the plasma (-0.5 msec) or compression
time (0.2 msec). This passive stabilizer set plays an
important role in maintaining the plasma in proper shape and in
equilibrium position. The electron temperature Tg and density
ng profile are measured by a seven point Thomson scattering
system.

As a plasma is compressed self-similarly, toroidal and
poloidal field strengths increase while both toroidal and
poloidal fluxes of the plasma are observed to be independently
conserved, keeping the Taylor state intact. Thus, no flux
conversion was invoked while the total magnetic energy of the
plasma was increased by the compression. This feature is an
advantage over conventional helicity injection schemes in which
either poloidal or toroidal flux is injected, providing extra
energy loss channels through magnetic reconnection processes.
Also, the present spheromak has a relatively flexible boundary
condition, thus making magnetic compression easily attainable.

With compression, plasma size is reduced by a factor of
c = Rinitial/Rfinal = 1-3 - 1«6. (R is the major radius of the
compact toroid plasma.) The minor radius of the plasma is also
reduced similarly without invoking flux conversion, thus
keeping the Taylor state intact. Fig. 5 shows a time evolution
of the poloidal flux plots derived from an internal probe
array. By scanning the probe array discharge by discharge, 2-D
poloidal flux contours in the R-Z plane were made to describe
accurately a feature of magnetic compression. The spheromak is
compressed during a period of 100 ysec immediately after it is
formed at t = 250 ysec. As shown in Fig. 5, the plasma is
compressed from R = 55 cm to R = 42 cm (C = 1.3) in this
case. The minor radius is reduced in a similar manner with
only slight deviation.

The most important physics issue of the present experiment
is how plasma parameters evolve during compression. It is
found that the electron temperature peak moves in toward the
geometric axis as the plasma is compressed, while it stays at
around R = 50 cm without compression, essentially staying near
the magnetic axis in both cases. With compression, a slight
increase of electron density (ne/neo <* C) is detected in
general, but it does not increase as much as is expected from
an adiabatic compression. With a maximum compression factor of
1.6, the peak electron temperature T e o rises from 40 eV to
100 eV as shown in Fig. 6(a). T e values are at first averaged
for several similar discharges, then averaged for three
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FIG. 6. (a) Average electron temperature (Te0) of inner core plasma versus time. The average is over
three to four discharges and over the inner plasma region, o denotes electron temperature values
without compression and • with compression, (b) Ion temperature measured by Doppler broadening
of line radiation from impurity ions versus time.
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different measuring points near the magnetic axis. The
incremental change of the electron temperature at the plasma
edge is much less than that of the inner region.

To compare the present results with the data from non-
compression experiments, n e oT e o is plotted versus the peak
toroidal field of the magnetic axis in Fig. 2. It is concluded
that the present result is consistent with the constant beta
scaling for electron pressure obtained in the earlier S-1
experiments and some of the RFP devices.

Ion temperature is monitored by spectroscopic measurement
of Doppler broadening of line radiation from low-Z impurity
ions (0 IV, 0 V, N IV, C III). Fig. 6(b) presents measured ion
temperature T^* versus time when the plasma is compressed by a
factor of 1.6 • during a time period of t = 250 usec to
t = 350 ysec. Without compression, T^* is usually found to be
higher than T e by a factor of two to three with Tj_* £ 100 eV
for Ip £ 150 kA. With compression, T,* increased
significantly, together with TQ, with T^* reaching a maximum
value of more than 0.5 keV. Generally, it is found that T g and
T^* correlate rather well, with T^* being larger than T e by a
factor of two to four.

2. HELICITY DISSIPATION AND PRESSURE DRIVEN INSTABILITY IN
CTX SPHEROMAKS

Recent results from the spheromak work at Los Alamos
include: 1) In decaying spheromaks in the mesh flux conserver,
the rate of plasma current decay dl/dt depends only on the
density n e (not on I or electron temperature Tg as might be
expected classically). The particular dependence of dl/dt on
n e suggests that most of the helicity is dissipated in the
field error regions at the edge where electron-neutral hydrogen
collisions dominate the electrical resistance. A new solid-
wall, titaniurn-gettered flux conserver has been installed,
resulting in less field errors than with previous mesh flux
conservers. A factor of four decrease in dl/dt has been
observed. 2) In this new flux conserver, evidence of a
pressure-driven instability has been obtained. <6e>yol =
<neTe>vol/<B /2uo>vol values observed before the onset of the
mode are « 1 - 3%, higher than predicted at the Mercier limit
(6C « 1%). 3) Flux conserver shapes with higher 6C are now
under consideration. The Bc calculations have been made using
Taylor-like (minimum-energy) magnetic profiles. Flux conserver
shapes with Mercier beta limits as high as 1055 have been found.
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2.1 Helicity Dissipation in Mesh Flux Conservers

From helicity balance, it can be shown that dl/dt is
proportional to an "effective" electric field (E e f f), defined
[8] by K = -2 / E • B dvol E -2E e f f J B dvol, where K is the
magnetic helicity. Eeff is observed to depend on ng (not on Te
or current density), consistent with hydrogen ionization
dominating the helicity dissipation [9]. Peaking of the
spheromak current towards the magnetic axis throughout the
decay phase [10] shows that the plasma resistivity is much
higher at the edge than at the magnetic axis. Thus, to
estimate Egff> we assume the plasma resistivity to be
appreciable only on the open magnetic flux surfaces (caused by
field errors) at the spheromak edge. Then Ee£.f is given by K =
-2E e f f /edge B dvo1! where the integral is only over the open
flux volume. Equilibrium models which account for the finite
resistivity of the flux conserver in conjunction with magnetic
field measurements are
K versus time, so that

used to estimate J,
can be obtained. edge B dvol and

300

T 200

1a
100

2

(•»,}«* (1020 m-3)

FIG. 7. Eeff versus (ne)m{.

At different times in the approximately 300 discharges
examined, E

eff
 is found to correlate with the volume-averaged

"eiiFig.} 7). Ee£>f has a minimum of * 100 V/m at <n e> v o l » 5;x
10 ' m"-*. It increases sharply towards lower density, and
approximately linearly with <n e> v o l (with a slope of ~ 1.3 *
10 Vm ) towards higher density. <ne>vol a P P e a r s to be
proportional to the neutral hydrogen density at the edge.
During decay, a plateau <ne>voi is reached, with a value which
is proportional to the background fill pressure (p =
<ne>vol ' 1-3 x 10" mT m^). This measured proportionality is
used to deduce the neutral density at the edge from the
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measured < n
e> v oi at all times. The resulting dependence of

Eef.f on neutral density is quantitatively the same as in
partially ionized discharges, where the electrical resistance
is primarily due to electron-neutral collisions.

The solid curve in Fig. 7 is the "Paschen" curve [11]
rescaled to the units of observed CTX parameters. The normal
Paschen curve is a plot of the breakdown voltage V versus the
fill pressure times discharge length, pd. In order to scale
the Paschen curve to fit the data of Fig. 7, V and pd are
divided by d = 3 m (the only free parameter in CTX) and p is
converted to <n

e
>vol u s^ nS the constant of proportionality

given above. The fact that d is approximately the length of
the open field lines further justifies this interpretation.
This model also explains the observed linear decay of the
plasma current [dl/dt <* Egff. (<ne>voi)] at constant <ne>voi-

This model helps to answer the question raised in ref. [8]
as to the cause of Eeff being approximately constant in
optimized discharges in the HBTX/1B reversed-field pinch,
independent of Te,. If the characteristic length of the open
field lines at the edge does not change and the Paschen-minimum
density is achieved by the operator in optimizing the
discharge, then Eef^ would be constant as observed. This also
explains why edge conditions are so important in RFP
operation. For HBTX/1B, the Eeff .= 30 V/m indicates an edge
field line length of about 10 m and an edge neutral density
equivalent to 1.2 mT. These reasonable predictions of the
model can be checked by measuring the neutral density in the
edge for optimized discharges.

In the CTX solid flux conserver described below, comparing
to the mesh flux-conserver case, dl/dt has decreased by a
factor of four, I decays approximately exponentially (not
linearly), and T K = K/K now correlates with Tg. These results
are consistent with K now being dominated by the contribution
from the bulk of the plasma, because of the expected decrease
in the volume containing open magnetic-field, lines in the solid
flux cpnserver.

2.2 Pressure Driven Instability

The recent replacement of the mesh; "roof top" flux
conserver with a solid "tuna can" flux conserver has led to
conditions where evidence of a pressure-driven instability is
obtained [12]. The particle confinement times have increased,
perhaps due to the reduction in magnetic-field errors. Ti-
gettering is used to obtain clean discharges in the solid flux
conserver, even immediately following a vacuum opening. The
discharge is fueled by a two stage gas puff in the magnetized
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coaxial plasma gun source, eliminating the need for a neutral-
gas fill. These changes have resulted in more control over
both edge neutral and edge plasma densities. The instability
is studied using an eight-chord CO2 interferometer, multi-
point Thomson scattering, ion temperature based on doppler
broadening of impurity lines, an array of - 32 wall magnetic
probes to determine both the magnetic equilibrium and any
current-driven modal activity, three spectrometers which
monitor oxygen and other impurity line emission, and four
bolometers.

The instability is preceded by a period of » 500 us of
density peaking, when a roughly constant central density
accompanies an edge density decrease of a factor of 5 - 10
(Fig. 8). During this time, the Thomson-scattering electron
temperature increases, the ratio of OVI to 0V line emission
increases, and the rate of magnetic energy dissipation
decreases. The plasma heating indicated by these measurements
results in global energy confinement times ig =
(3/2) • 2 • <6^>V(?1 • T BZ of up to over 150 us. The <neTe> -,_
comes from simultaneous Thomson-scattering data from nine
spatial locations spanning all flux surfaces. The magnetic
probe data is fit to the linear X = u0J/B MHD equilibrium model
[10], which is used to calculate the flux-surface volumes, the
spheromak total magnetic-energy content, and its decay time
T B 2 . In these discharges, the doppler-broadening 0V ion
temperatures are comparable to Tg.

2 -

0 <•==

400

] 1 1—1—1—1—1—1—1—1

1.0

TIME (ms)

FIG. 8. Sudden decrease in central plasma density during the instability, as shown by the interferome-
ter chord tangent to the magnetic axis. The toroidal plasma current is also shown.
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F/G. 9. Density profile versus time, showing the expulsion of plasma particles during the instability.

Following the peaking and heating phase, a sudden
expulsion of central density is observed, as shown in Fig. 8 at
1.4 ms. The density "crash" takes 10 - 20 us, with a reduction
of the central density by a factor of two to seven. Figure 9
shows the density profile evolution during the "crash" obtained
from the eight-chord interferometer. During the event, the
density changes from being peaked at the magnetic axis to being
hollow. The electron pressure gradient, measured using multi-
point Thomson scattering at a single time per discharge, shows
a similar behavior. However, no signature is found on the wall
magnetic probes, in contrast with the clear magnetic-probe
signals obtained with current-driven instabilities
[10,13,14]. The absolute value of the spatial maximum of the
normalized electron-pressure gradient increases with a 70 us
e-folding time leading up to the crash. During the crash, the
maximum gradient decreases dramatically and changes sign as the
profile becomes hollow. Before the crash, the maximum gradient
exceeds the value at the Mercier limit by as much as a factor
of 20. However, the volume averaged beta stays about constant
during the entire discharge at about three to seven times the
Mercier limit [15]. So while the instability reduces the
pressure gradient by interchanging the pressure, the
instability does not reduce the average pressure.
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Approximately 200 ps after severe crash events, n g
decreases too much and the discharge decays rapidly. This
could be due to increased Eeff. at low nQ from electron-neutral
collisions (Fig. 7), or to the low n e supporting the still
large plasma current leading to a streaming instability. In
some cases, the discharge recovers after the first crash event,
and the process often repeats up to three times during the
discharge lifetime.

3. CONCLUSIONS AND CONSIDERATIONS

Several important new findings have helped us to
accumulate knowledge of the spheromak configuration for plasma
confinement. In the S-1 device, the scaling of plasma param-
eters has been studied to find that the peak electron pressure
nepTeo generally scales with the peak magnetic pressure B^2u o,
which suggests constant beta scaling. However, it has also
been found that the volume averaged beta value decreases with
the current density, suggesting some new or increased loss
mechanisms as the current density is increased.

In both S-1 and CTX devices, peakings of the spheromak
current towards the magnetic axis are found in the decay phase
and it is conceived that the plasma resistivity is much higher
at the edge than at the magnetic axis. In the CTX device, it
has been considered that electron-neutral hydrogen collisions
dominate the electrical resistance, thus possibly explaining
the obtained "Paschen" like curves.

Also in both devices, relaxation cycles have been observed
with drastic changes of the electron temperature. Although
these relaxation events have many common features, there is a
distinctive difference between the electron density evolution
of the S-1 relaxation event and that of CTX's; the former does
not change during the relaxation event, while the latter
decreases distinctively. An interpretation of each experiment
is as follows: In S-1, current peaking leads to a current
driven n = 2 kink mode. The resulting 3-D equilibrium then
becomes unstable to a reconnection event which brings the
discharge back to a Taylor state and causes a loss in
temperature. In CTX, a kink mode also develops, but it
saturates and does not lead to a distinct relaxation event.
The pressure nevertheless increases, possibly leading to a
pressure gradient driven instability, which decreases the
temperature. It is suspected that the boundary conditions
(free-boundary versus flux conserver wall), resistivity
profiles (which could be a function of boundary conditions),
and the magnitude of the magnetic Reynolds number all play a
role in causing the different behavior in the two spheromak
devices.
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The confinement characteristics of the spheromak were
significantly affected by the relaxation phenomena,
particularly in the broadening phase. In order to make the
spheromak more viable as a fusion reactor, it is essential to
avoid the above catastrophic relaxation phenomena by
controlling the current profile.

Finally, an increase of plasma kinetic energy has been
measured when a spheromak plasma is compressed self-
similarly. The S-1 project was terminated before a
comprehensive data base could be assembled to definitively
conclude all the effects of compression, but the experiment has
shown preliminary evidence for the advantages of magnetic
compression of spheromak plasmas.
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Abstract

THE PHYSICS OF THE HIGH-DENSITY Z-PINCH.
The fiber-initiated High-Density Z-pinch (HDZP) is a novel concept in which fusion plasma could

be produced by applying 2 MV along a thin filament of frozen deuterium, 20-30 jim in diameter and
5-10 cm long. The megamp-range currents that result would ohmically heat the fiber to fusion tempera-
tures in 100 ns while maintaining nearly constant radius. The plasma pressure would be held stable by
the self-magnetic field for many radial sound transit times during the current-rise phase while, in the
case of D-T, a significant fraction of the fiber undergoes thermonuclear fusion. The paper presents
results of Los Alamos HDZP studies. Existing experiments and experiments in preparation are
described. A succession of theoretical studies, including ID self-similar and numerical studies of the
hot plasma phase, ID and 2D numerical studies of the cold startup phase, and 3D numerical studies
of stability in the hot regime, are presented.

1. EXPERIMENTS

In existing Los Alamos experiments, [1] currents rising to 250 kA in
150 ns have been passed through linear Z-pinch columns formed from fibers
of solid deuterium 20 — 40 (im in diameter and 5 cm long. [2] The columns

* Work performed under a United States Department of Energy Magnetic Fusion Energy Tech-
nology Fellowship, administered by Oak Ridge Associated Universities.
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HDZP-H

FIG. 1. The 1.2 MA Los Alamos High-Density Z-Pinch Experiment. 1: Load chamber, 2: fiber maker,
3: vertical transmission line, 4: intermediate energy store, 5: Marx bank.

are observed to remain free of instabilities for 60 - 80 ns, approximately
200 Alfven times, while undergoing slow expansion (vr s s 4 x 105 cm/s),
whereas ideal MHD predicts the growth of unstable modes in about one
Alfven time. Temperatures of 150-300 eV at densities of « 2 x 1021 cm"3

have been inferred. Diagnostics include X-ray pinhole photography, fil-
tered X-ray diode temperature measurement, neutron yield and time his-
tory, and schlieren photography. [3] A new diagnostic based on a laser
microscope has been developed to search for the low-plasma-density corona
that might surround the fiber. A new experiment under construction at
Los Alamos will utilize a 200 kJ Marx bank that will extend the current
in these pinches to 1.2 MA with 100-ns risetime and could utilize D-T.
This current, passing through a 30 fim diameter fiber, is expected to pro-
duce a temperature of 10 keV, allowing the study of plasmas under fusion
conditions. The current will be close to the Pease limit of 1.4 MA, for
which steady-state balance between Ohmic heating and bremsstrahlung
radiation is predicted. Such a discharge could produce > 1016 D-T fu-
sions, which, if repetitively pulsed, promises an intense neutron source
of 1018 — 1019 n/s for materials testing. The yield can exceed the input
energy, thus also giving promise of a high-Q source of fusion energy. [4]
A diagram of the new experiment is shown in Fig. 1. Initial data will be
taken during the winter of 1988-9.

2. SELF-SIMILAR AND RELATED TIME ASYMPTOTICS

Between about 25 eV, where the fiber enters the plasma phase, and
a few keV, beyond which the mean free path exceeds the scale lengths,
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FIG. 2. Scaled asymptotic pressure profiles P/Po versus scaled radius £, showing dependence on a.

a: a = 0.175, b: a = 1.0, c: a = 6.0.

the pinch is well described by Braginskii's dissipative fluid equations. A
ID model, with radial variation, has been studied analytically and nu-
merically. A subset of these equations, incorporating finite electrical and
thermal resistivity in the limit of strong magnetic field, but neglecting
inertia, viscosity, and radiation, admits a class of self-similar solutions.
Analytical solutions for the time evolution as well as numerical solutions
for the spatial profiles have been obtained. [5,6] Numerical solutions
of the full set of equations are found to relax to self-similar behavior at
late times. This is shown by two numerical tests. [7] One is that, when
the current is programmed as I(t) = I0(l-\-t/t0)

a, the quantity f/(df/dt)
becomes linear in t for all dependent variables f(t). The other is that the
normalized spatial profile of each physical quantity approaches its own
universal shape (the self-similar profile), and this asymptotic profile de-
pends only on the value of a, as illustrated in Fig. 2. [5] These tests
also show that the approach to self-similar behavior is qualitatively more
robust than the analytical derivations suggest. First, inertia and viscosity
become unimportant in the time asymptotic limit. [6] Second, although
radiation formally breaks the invariance, its main impact is on the time
dependence of the plasma radius and other scale factors, leaving the pro-
files nearly unchanged. [5] Third, inclusion of the full expressions for the
transport coefficients makes only a small change to the results obtained
in the strong field limit. [5,6]
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FIG. 3. Plasma temperature T versus radius r at time intervals of 2 ns for 100 ns, showing approach
to self-similarity.

3. ID NONLINEAR FLUID SIMULATIONS
Two codes have been used to solve the ID Braginskii equations more

completely. [5,6] The first, a transport code, assuming pressure balance
and neglecting inertia and viscosity, uses a Lagrangian grid. The sec-
ond, incorporating inertia and viscosity as well as transport, uses an
adaptive grid scheme called Moving Finite Elements. Both also treat
bremsstrahlung radiation. Both solve for the motion of plasma within
a moving boundary with a radius of order the initial fiber radius. Both
show a strong tendency to relax to self-similar profiles closely resembling
those obtained analytically. The final profiles are independent of details
of the initial conditions, even when initialized far from pressure balance so
that large-amplitude oscillations occur. In the presence of inertial effects,
relaxation to pressure balance and self-similarity is caused primarily by
ion viscosity, which scales as J"5/2. Simulations of the new Los Alamos
experiment show relaxation to self-similar profiles relatively early in time,
as illustrated in Fig. 3, [6] while for the earlier experiments such behavior
is seen only quite late or not at all. These codes adequately reproduce
conditions observed in the existing Los Alamos experiment and predict
substantial D-T burn under conditions of the experiment now in prepara-
tion.

4. COLD STARTUP

These codes cannot address two important classes of questions. One
concerns cold startup. Braginskii's equations are valid only at sufficiently
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FIG. 4. Temporal history of mass density: (a) on axis, (b) at r = 25 pm, (c) at r — 50 pm.

high temperatures and cannot treat the behavior of the initial transition
from the solid phase. It is especially interesting to understand how current
begins to flow through the fiber. Two codes address these issues by using
the Los Alamos SESAME atomic data base to determine the pressure,
specific internal energy, and electrical resistivity of solid, cryogenic deu-
terium. One is a ID code which also treats the effects of degeneracy and
line and continuum radiation on heat transport. [8] The other incorpo-
rates 2D effects and is capable of treating some stability issues. [9] Both
show that the current initially flows through a large-radius corona of low-
density material ablated from the solid fiber. Both indicate that the fiber
in the earlier experiment does not fully ablate until late in the discharge,
as shown in Fig. 4. [9] The density then falls rapidly because the early
experiment does not have enough current to maintain the pressure. Af-
ter the fiber is completely vaporized, the profiles approach the self-similar
ones discussed above.

6. STABILITY
The other class of questions concerns stability. Ideal MHD theory

predicts that the HDZP should be unstable to m = 0 sausage modes and
m — 1 kink modes. Implosion pinch experiments are plagued by such in-
stabilities. The HDZP has been observed to remain free of sausage modes
for many Alfven times, and free of kink modes throughout the discharge.
Two efforts are underway to understand this anomalous stability. Both
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are based on the complete fluid equations of Braginskii, including the
full magnetized viscosity tensor and all other transport coefficients. One
treatment is based on a 3D nonlinear pseudospectral code. The other, an
eigenvalue treatment which reduces the equations to a high-order set of
complex coupled ordinary differential equations, is essentially linear but
capable of greater numerical speed and accuracy. Preliminary results with
the pseudospectral code, run in the linear regime, have shown that both
viscosity and resistivity have a stabilizing influence on sausage modes, the
former at high temperatures and the latter at low temperatures.
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Abstract

Z-PINCH EQUILIBRIA AND STABILITY: EXPERIMENT AND THEORY.
Significant progress has been made in both experiment and theory of dense Z-pinches. Tem-

porally and spatially resolved X-ray measurements of temperature confirm that the column of the com-
pression pinch remains stable and in equilibrium with constant line density and at a temperature of
175 eV for over 350 ns or 16 MHD growth times. This is probably a result of large ion Larmor radius
effects. A fibre pinch shows evidence of surface m=0 instabilities and incomplete ionisation of the core.
Stability theory has been extended to the high temperature (Chew-Goldberger-Low) and the low tem-
perature (resistive) cases and shows marked stabilising effects in the limit of zero Larmor radius. A large
class of self-similar time dependent equilibria (both stationary and non-stationary) have been found
which can possess a skin current. A model of radiative collapse of a pinch coupled to a realistic pulse-
line circuit shows that while the current is falling from a value less than N/3 IPB to a value greater than
IPB/V2, where IPB is the Pease-Braginskii limiting current, the pinch collapses to a high density and
then expands.

1. INTRODUCTION

Experimental results and theoretical analysis of the compressional and
fibre Z—pinches are presented in Sees. 2 and 3. Theoretical studies of
Z—pinch instabilities in the resistive and collisionless phases are reported in
Sees. 4 and 5 and in Sees. 6 and 7 theoretical work on pinch equilibria
and dynamics, including radiative collapse, are discussed.

2. THE COMPRESSIONAL PINCH

The pinch is formed and heated by a cylindrical shock which
converges from the wall of an insulating tube. The tube is 50 mm long,
20 mm diameter, and is filled with hydrogen at 1—2 torr, preionised by
radiation from an adjacent coaxial discharge. The pinch is driven by a
current of 150 kA with a 10 to 90% risetime of 60 ns, falling to 30 kA at
190 ns and then reversing at 380 ns. Further details of the apparatus are
given in Haines et al. [1].

1 Los Alamos National Laboratory, Los Alamos, NM, USA.
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FIG. 1. X-ray results for the compressional pinch. The hatched area in the temperature profiles is the

uncertainty in the measurement.

Optical streak and electron density measurements have shown that on
collapse an equilibrium pinch is formed which remains on axis even after
current reversal [1,2]. The density profiles are peaked on axis with a width
which varies slowly with time (fwhm * 4 mm at first compression, « 5.5
mm before current reversal and « 4 mm thereafter). A wall plasma is
observed after the collapse. The line density of the pinched column is
conserved. However the line density of the wall plasma increases with
time.

These observations have now been supplemented by electron
temperature measurements using a double pinhole soft X-ray camera. The
pinch was viewed axially and each pinhole was individually filtered, the
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temperature being obtained from the intensity ratio assuming bremsstrahlung
emission. Time resolution was obtained by using an optical streak camera
to monitor the X—ray images formed on a scintillator. The pinhole size
limited the temporal and spatial'. resolution to 7 ns and 1 mm.
Measurements have been made up to 250 ns, limited by the streak period
of the camera.

Figure 1 shows the streak images for a discharge at 1 torr filling
pressure. Also shown in the figure are microdensitometer traces, showing
(a) the intensity on axis as a function of time and (b) the intensity
variation with radius at a particular time, together with the corresponding
electron temperature profiles. Note that the error is large both at the edge
of the plasma and at the beginning of the observation. The radial
temperature profile shows a slight peak on axis and its magnitude and
profile do not change significantly after the compression. The temperature
on axis after compression is about 175 eV and shows little variation
thereafter. The Bennett temperature, assuming equal electron and ion
temperatures, is 154 eV for a current of 147 kA and the measured filling
line density of 2 x 1 0 1 9 m ~ 1 indicating that pressure balance is maintained.

The absence of any significant radial bounce of the plasma column
after compression, and the continued existence of the column after current
reversal can be explained on the basis of a current crowbar through the
wall plasma. The current crowbar is assumed to occur at the time of first
appearance of light emission from the wall, thereafter leading to flux
trapping with a slow decay determined mainly by the wall plasma
temperature through its resistivity.

This decay phase has been modelled computationally using a 1 — D
Lagrangian code. It was assumed that after peak current an internal
crowbar is formed which causes the pinch current to lag behind the main
circuit current by the resistive diffusion timescale of the wall plasma. A
rapid diffusion leading to a large rate of fall of pinch current would cause
a rapid expansion of the pinch, associated with the inverse skin effect [3,4]
discussed below. Such an expansion does not occur experimentally and this
implies that the current decays on a timescale no smaller than about 1000
ns, corresponding to a minimum wall plasma temperature of approximately
10 eV. Using the maximum possible cooling rate we find that
experimentally the pinch remains stable for at least 16 ideal MHD growth
times (for ka=4, m = l [5]; k is the axial wavenumber of the mode). This
anomalous stability is ascribed to FLR stabilization, since the ratio of ion
Larmor radius to pinch radius at the line density of 2 x 10 1 9 m — 1 is
calculated to be 0.18 while the average value of COJTJ (the ion Hall
parameter) is 2.2.

Since the observed temperature and radius of the plasma are
constant in time the energy confinement time r g is 3a2n0/16r)± based on
Ohmic heating under pressure balance. The calculated riTjj from the
experimentally measured line density and temperature is 4 x 10 1 8 m~ 3s.

3. THE FIBRE Z-PINCH

A Z—pinch plasma was produced by ionisation of an optical glass
fibre. The objectives of the experiment were to study the dynamics and
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FIG. 2. Streak (top) and framing (bottom) photographs of the fibre pinch (initial diameters 125 m and

44 ixm, respectively). Interframe time is 13 ns.

•stability of the plasma driven by a fast risetime current pulse. In a similar
experiment reported by Sethian et al. [6] a deuterium fibre Z-pinch plasma
was observed to expand and remain stable up to current maximum,
corresponding to about 40 MHD growth times. In this experiment, the use
of the optical fibre allowed the plasma formation to be investigated by
monitoring the light generated internally within the fibre.

The Z-pinch was driven by a 3fi pulsed generator, giving a 150 kA
current with a 10 - 90% risetime of 50 ns. A variety of fibre diameters
were investigated, ranging from 20 to 125 pm. The length of the fibre was
18 mm The plasma was studied using a variety of diagnostics which
included optical streak and framing photography, schlieren and holographic
interferometry with a 7 ns ruby laser, time integrated soft X-ray p.nhole
photography and time resolved observations using filtered X-ray PIN
diodes All these diagnostics viewed the fibre transversely. Light generated
internally within the fibre was monitored simultaneously with the optical
streak observations.

Figure 2 shows typical streak and framing photographs; the streak
photograph also shows the internal fibre emission (top) together with a
timing marker (bottom). Figure 3 shows a sequence of schl.eren
photographs taken at different times. The streak photographs are not
reproducible except for an initial expansion, which is of the order of 10
cm s~ 1 The irreproducibility is due to the m=0 instabilities which are
clearly seen in the framing and schlieren photographs. These instabilities
develop within the first 13 ns of the discharge when the current is still
rising The spacing between the instabilities is typically about 1 mm. In
the framing photograph it is evident that there is axial motion of the
instabilities. This motion is in both axial directions and occurs with a
velocity of about 5 x 10* cm s " 1 . The radial expansion velocity of the
instabilities is of the same order. The distorted disc-like structure of the
instabilities observed in the schlieren photographs is due to a combinationiof
this axial and radial motion during the duration of the laser pulse. The
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observed behaviour of the plasma is independent of the initial fibre
diameter.

Time integrated soft X—ray pinhole photographs show a plasma
column with a radius four times larger than the initial fibre. These
photographs were taken with aluminium filtering with the cut—off occurring
at around 7 A. The variation of the intensity along the column has a
scale length which is consistent with the characteristics of the instabilities
observed with the optical diagnostics. Most strikingly, the intensity is
peaked at the surface of the column. This clearly indicates that the plasma
is formed on the surface of the fibre and that at the time of maximum
X-ray emission there exists a sizeable core of the fibre that is not ionised.
Intense emission is observed from the anode and somewhat less from the
cathode. Time resolved observations with the PIN diodes indicate that this
emission is most intense during the first 40 ns of the discharge. This
emission is consistent with an electron beam - target interaction at the
electrodes.

The holographic interferometry observations indicate that there is a
coronal plasma of typical density 5 x l 0 1 8 c m ~ 3 . No transmission of the
laser radiation through a central core is observed. The diameter of this core
is the same as that seen in the streak and schlieren photographs. The
reference hologram taken of the fibre prior to the discharge shows that
there is transmission of the laser through the axis of the fibre. This
indicates that the plasma is optically thick. Assuming that the plasma emits
as a blackbody over the spectral range of the streak camera (300 - 700
rnn), an electron temperature of between 10—30 eV is deduced from the
streak photographs. The coronal plasma extends out to about 5—8 times
the initial fibre radius during the early (« 20 ns) phase of the discharge.

The internal emission in the fibre seen in the streak photograph in
Fig. 2 occurs within 5 ns of the discharge initiation. There is modulation

CATHODE

20 ns

67 ns

190 ns

INITIAL FIBRE DIAMETER: 125 pm

FIG. 3. Schlieren photograph of the fibre pinch.
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of the early emission up to the time of current maximum. At this time
there is a large increase in this emission. These observations are
independent of the initial fibre diameter. We interpret the initial emission
to be due to scintillation of the fibre core. The large emission at current
maximum is presumably due to conversion of the whole fibre into plasma.

A 1—D Lagrangian code is used to simulate the experiment. This
includes radiation transport; SESAME equations of state for fused silica are
used with the thermal and electrical conductivities being calculated using the
LEE code. The effects of degeneracy and magnetic field are also included;
A current waveform is taken as input into the code. The calculations are
started by placing two low density zones (p = 2 x 10~5g/cm? £r = 2.5
pan) at the outside of the fibre, with their initial temperature being 0.2 eV.
The core temperature is set to 0.026 eV. The simulations show that
without radiation transport there is no heating of the core. With radiation
transport the core heats up to approximately 0.75 eV at the time of current
maximum. The current is confined to the outer regions of the plasma
column. This heats the plasma to a temperature of about 30 eV. There
is expansion of this outer region and the number density profile is similar
to that observed with holographic interferometry.

4. INSTABILITIES IN THE RESISTIVE PHASE

Ideal MHD has been shown by Freidberg [7] to be a good model of
Z—pinch instabilities in the limit of small Larmor radius (y = aj/a < < 1),
low collisionality (x = (mj/mg) 1'2VjjTij/a < < 1) and low resistivity (the
magnetic Lundquist number L ^ = x/y2 > > 1), where aj is the ion
Larmor radius, a is the pinch radius, V-pj is the ion thermal speed and r}[
is the ion—ion collision time. For a pure Z—pinch in pressure balance it
can be shown that x « a N ~ 3 I 4 and y « N " 1 ' 2 where N is the pinch line
density and I is the current. Thus the pinch current - radius plane may
be segregated into the various regions shown in Fig. 4, the scales of which
have been calculated by assuming that the pinch expands to 10 times the
initial fibre radius (i.e. an ion number density of 1.2 X 10 2 7 m ~ 3 ) .

The Ohmic heating of a Z—pinch held in pressure balance requires a
current which rises on the Ohmic heating timescale r o n r n , given by /i0a2/?j
where ij is the plasma resistivity. Assuming a sufficiently large line density
it is possible to see from Fig. 4 that while it is being heated the pinch can
pass through three distinct regimes: (i) an early, resistive phase where r o n m
< < : Tmhd ( t t l e latter is the timescale for the growth of ideal MHD
instabilities given by a/Vjj « 7"ohm/Lm)> a n c l m which the rate of change
of the equilibrium must be considered as well as the resistive terms in
Ohm's law and the energy equation; (ii) an ideal region, in which the
change of the equilibrium can be neglected during the timescale for the
growth of the (ideal MHD) instabilities; and (iii) a hot, collisionless phase
(see Sec. 5).

The growth of instabilities in a time dependent equilibrium is being
studied numerically using a linearised initial value code. Preliminary results
indicate that for short wavelength (ka= 4) m= 0 modes 'LTn needs to be as
large as 200 before ideal MHD becomes accurate to within 10%. It also
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FIG. 4. Segregation of pinch current-radius plane showing region of ideal MHD validity.

appears that Ohmic dissipation of the energy of a perturbation while the
pinch is cold may reduce the amplitude of the perturbation by a factor as
large as 103 compared with the predictions of ideal MHD.

5. THE COLLISIONLESS m= 0 MODE

For a Z—pinch operating in the collisionless regime (e.g. the
compressional pinch (Sec. 2), and the next generation of deuterium fibre
experiments) and in the limit of small ion Larmor radius the CGL double
adiabatic model [8] provides a good description of the m= 0 instability. The
CGL requirement that the parallel heat flow be zero is identically satisfied
in this case since B.V is everywhere zero.

The procedure used by Kadomtsev [9] to obtain a necessary and
sufficient condition for stability to the m=0 mode in the Z—pinch, in the
case of ideal MHD can also be employed in the CGL case. This uses the
fact that the plasma volume contribution to the perturbed potential energy
[10] can be written as a quadratic form in £ r and V.£ for all values of
axial wavenumber k. We find

* (3P , + 4P ) + (4 + P , ) r — (P . + P )
o ol oil o o± , o± oil

• ••• • • • • • • d r . • . • • • •
(1 )

where P0±(r) an(* ^oiiCr) a r e t"ie perpendicular and parallel pressures and
$0(r) is the magnetic pressure. If this condition is not satisfied everywhere
the pinch will be CGL grossly unstable to the m= 0 mode. For isotropic
equilibria (PQj_ = ^o\{) t ' l e stability condition reduces to

dP
5P2 + 14P * + 4(P • + * )r —° > 0

o o o ° ° dr
(2)
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FIG. 5. Bennett equilibrium: growth rate against rrfa for kr0 = 1 and 10.
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FIG. 6. Bennett equilibrium, r0 ~ 3a: growth rate against kr0. Solid line: CGL, broken line: ideal
MHD.

A 1—D shooting code for solving the CGL m=0 linear eigenvalue
equation for arbitrary equilibria has been developed. Both growth rates and
the spatial structure of the modes can be determined. Only isotropic
equilibria have been studied at present. Figure 5 shows y (the growth rate
normalised in terms of the radial thermal transit time) as a function of r 0/a
for a Bennett equilibrium [11] (here rQ is the plasma radius and a is a
characteristic radius of this type of equilibrium and is equal to the radius of
maximum B 0) . Curves corresponding to two values of kr 0 have been
plotted. Within the accuracy of the code the numerical solution agrees
exactly with the stability threshold at ro/a = (2.5) % obtained using (2).
Figure 6 shows y as a function of krQ for a Bennett equilibrium with r 0 =
3a. Both CGL and ideal MHD results are shown. The CGL growth rate is
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FIG. 7. Bennett equilibrium, r0 = 3a: displacement and perturbed B field. Solid line: CGL, broken
line: ideal MHD.

smaller by a factor of approximately 2 over the entire range. The m= 0,
krQ=1.0 CGL eigenfunctions (£ r and £ z normalised with respect to £rmax>
and B1 with respect to B i m a x ) of this equilibrium are shown in Fig. 7.
For comparison the ideal MHD eigenfunctions are also shown. It will be
seen that the CGL mode is characterised by an unperturbed region close to
the axis, and this is a general feature of the CGL solutions for other
isotropic equilibria we have studied.

6. PINCH EQUILIBRIA AND DYNAMICS

From the totality of possible solutions to the set of coupled
non—linear partial differential equations describing time dependent Z—pinch
equilibria (i.e. configurations in which exact pressure balance is maintained
while the internal energy is changing) we have identified two classes of
"self—similar" solutions by separating out of all equilibrium variables a
power of time. The resulting set of coupled ordinary differential equations
can then be integrated numerically to obtain the equilibrium profiles. This
procedure can only be carried out if radiation loss is neglected. However
there is evidence from 1 — D simulations that Z—pinches evolve naturally
into such states even if bremsstrahlung is included.
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FIG. 8. Stationary time dependent profiles: (a) fi < fim-,; (b) Q = Slcril; (c) Q > Qcril.

The first class of solutions correspond to stationary equilibria
confined by a rising current I « t i / 3 . This agrees with the
"Haines—Hammel" curve [12,13] in the absence of radiation. For infinite
thermal conductivity a unique analytic solution for the equilibrium profiles in
terms of modified Bessel functions can be found [12,14]. For finite thermal
conductivity we find a wide range of equilibria, characterised by a
parameter, n, which is the ratio of Ohmic heating timescale to the
characteristic time for current change. Below a certain critical value
(flcj.jtss3.42) the solutions are characterised by a non—zero density and
outward radial heat flux at the plasma edge. We term this type of solution
"gas-embedded" (Fig 8a; note that in Fig. 8 'a' is a characteristic scale
length for field diffusion). As fi approaches n c r i t the plasma edge density
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FIG. 9. Non-stationary time dependent profiles: (a) fi < Qcril; (b) Q > &)„,,.
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FIG. 10. Number density and temperature profiles (normalised to a maximum value of unity) for a
pinch carrying a reversed current.
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and heat flux tend to zero and the solutions become thermally isolated (Fig.
8b). For Q > U(.T[i the density is zero at the edge but the heat flux there
is inward. This is associated with a skin current (Fig. 8c). Since the heat
is generated at the plasma edge and does not flow across it from the
vacuum these solutions are not inconsistent with the requirement for thermal
isolation. The proportion of the total current carried in the skin increases
monotonically with fl. Physically, the skin current can be maintained if the
total current is rising more rapidly than the field diffusion rate. This
condition corresponds to 0 > fi^it-

The second class of separable solutions are radially expanding
equilibria held in pressure balance by a falling current I « t ~ 1 ' 3 . Again a
unique analytic solution can be found for infinite thermal conductivity. For
finite thermal conductivity the numerical solutions are again characterised by
the parameter Q. For Q < ficrjt (in this case ficrit«1.25) the solutions are
gas—embedded (Fig. 9a), for fi > ftcrjt they are thermally isolated with a
skin current (Fig. 9b). In this case there is a cut-off, n m a x «l .96, above
which no physically acceptable solution can be found. Close to fijnax the
skin current is reversed due to the inverse skin effect [3]. The existence
of the cut-off implies an upper limit on the expansion velocity for which
pressure balance can be maintained.

(107m) <MV,MA)

101-

75 100
t (ns)

125

FIG. 11. Current 1 and pinch radius a as a function of time for N = 5.6 x 1018 m~', In A = 5.316
(IPB = 1.0 MA), line impedance 1.25 fi, R = 0.03 m, length = 0.05 m, /' = 2.4 x 1013 A-s'1 with
maximum line voltage 4 MV. Also shown is a (t) for I = At with (—) and without ( ) bremsstrah-
lung loss,
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These solutions assume a magnetised plasma. For the collision
dominated case it is only possible to find self—similar profiles in the
absence of thermal conduction. The equilibria are "gas—embedded" and
characterised by a centrally peaked current density,

A 1 — D Lagrangian code has been used to model the development
of the inverse skin effect [3] in a Z—pinch carrying a linearly falling
current. A reversed surface current density and an expansion of the pinch
have been demonstrated, in qualitative agreement with experimental results
[4]. The reversed current density which arises during the current fall implies
that the Lorentz jxB force at the edge of the pinch is directed radially
outward. However, after total current reversal the magnetic field at the
plasma edge reverses. Thus the Lorentz force at the surface is again
radially inward, and the pinch contracts. Expanding plasma from the core
of the pinch then accumulates in a high density region near the contracting
plasma surface, leading to increased bremsstrahlung emission from the pinch
during the post—reversal compression. Figure 10 shows the number density
and temperature profiles for a pinch (initial radius 4 mm, line density 2 x
10 1 9 m " 1 ) through which a linearly falling current (100 kA to -300 kA
in 40 ns) has been driven. The high temperature skin is caused by the
Ohmic heating of the large (negative) current density at the pinch surface,
and the compression of plasma behind the surface is evident from the
inwardly moving shock front (Mach number = 3) at r « 2 mm.

Detachment of an outer layer of plasma during the current fall has
not been found. Physically this is because flux would have to diffuse
through any surface region that detached itself in order to provide a
vacuum flux between the ejected and remaining plasma, and this would
occur on the same timescale as the resistive diffusion of current into the
plasma. Thus a reversed current density at the pinch surface would diffuse
away before any detachment could develop.

7. RADIATIVE COLLAPSE

There is a critical current Ip3 of about 1 MA (the Pease — Braginskii
current [15,16]) at which Ohmic heating and bremsstrahlung losses balance
in a Z—pinch under pressure equilibrium. An analytic zero-D model
shows the process of radiative collapse when the prescribed current exceeds
the critical current. In particular for a linearly rising current, radiative
collapse is complete when the current is JS Ipg. However in practice the
voltage limit imposed by an external circuit prevents such a total collapse,
and by including this in the model a maximum density (10 3 0 — 10 3 2

m ~ 3 ) can occur followed by an expansion and damped oscillation about an
equilibrium at which the current equals the Pease—Braginskii current. This
is shown in Fig. 11. In the absence of alpha particle pressure the
maximum density is limited by the resistance of the narrow column, the
large voltage across which (108 V) is balanced essentially by a large
negative LI; it occurs when the current is Ipjj [(&—l)/( 6-2)] t where 5 =
7/3 + 4/3 In(R/a), where a is the pinch radius and R is the radius of the
current return. The minimum current following maximum density is shown
to be greater than Ipg/,/2. Degeneracy effects can be included in the
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model. A 1 — D time dependent simulation which includes inertial terms and
lnA variations confirms all the essential results.
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Abstract

EXPERIMENTAL STUDIES ON THE PLASMA FOCUS.
The results of experimental studies are given for the process of micropinch structure formation

in Mather-type plasma focus (PF) discharges with Ar or Xe additions in deuterium. A modelling analysis
is done on the influence of heavy impurity line radiations on the evolution dynamics for m = 0 instabili-
ties . A comparative analysis of PF devices of Mather and Filippov geometries is carried out over a wide
range of energies. It is shown that in a PF device magnetized ion-plasma interactions accompanied by
plasma heating occur. This fact explains the well known scaling laws. Methods of increasing plasma
temperature and density in PF devices are indicated.

I. In high power pinch discharges, heavy impurities which result in essential
changes in the plasma energy balance under the conditions of high radiation losses
may be of crucial importance in attaining high thermonuclear parameters [1]. To esti-
mate the influence of radiation losses on the pinch dynamics, we consider an idealized
model: a deuterium plasma column with a low content of heavy impurities (17), being
in Bennett equilibrium, carries a current I. The linear power of the line radiation
losses due to heavy impurities with atomic number Zn and effective charge Z at an
electron temperature of Te > 0.1 Z2 (eV) may be described by the formula

Q, = 1.26 X 1014 Z 4 1 4 T"3 T?Z (1+rjZ) (2+ijZ)"2 r 2 (W-cnr1)

where r is the plasma column radius in cm.

579
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The linear power of Joule (Coulomb) heating is:

Q2 = 4 X 1010 I2 T-'-5 (1+TJZ2) (1+rjZ)-1 r 2 (W-crrT1)

Neglecting the bremsstrahlung radiation losses, from the Q] > Q2 require-
ment, we can derive the following condition for 'radiation compression':

I > Icr = 2 X 10"2 Z T075 Z"2
 (2+TJZ) (l+i?Z)-'

For a deuterium plasma containing 2 % of Xe at Te = 1 keV and Z = 40,
Icr is 0.1-0.2 MA, which is nearly an order of magnitude lower than the values of
the Braginskij-Pease current for a pure deuterium plasma.

The same growth law for Qj and Q2 during the column radius reduction
should, generally speaking, mean that the process of compression of such a plasma
is not limited. Nevertheless, one can introduce the 'equilibrium radius' concept for
which the radiation losses are comparable to Joule heating. Such an equilibrium may
be established since strong compression alters the type of radiation loss through radi-
ation absorption effects and enhancement of the collisional de-excitation of the levels.
Within the framework of a two-level ion model, using the Bennett relation, assuming
that in a plasma with temperature Te the excitation energy of resonant states
E = 2T, invoking the Doppler line broadening mechanism and talcing into considera-
tion that ions of various degrees of ionization are available in the plasma, we obtain
an expression for the length of the quantum free path:

iv = lO"7 ZL5 T2-5 Z"0-5 I"2 (2 + T;Z) (r)Z)-1 r2 (cm)

When the absorption radius becomes such that I, « r, the quantum cannot
escape the plasma unabsorbed:

rabs - 10712 Zn
05 77Z T-2-5 Z-'-s (2 + ijZ)"1 (cm)

Within the above approximation, for a plasma with 1 = 1 MA, TJ = 1-2% of
Xe, T = 1 keV, rabs ranges from 20 to 30 /un. Still more effectively compressed,
the plasma column undergoes a transition into a 'surface' radiation regime
(Q3 ~ r), finally approaching the regime of 'blackbody' radiation (Fig. 1). Consid-
ering the case in the above-described terms, we may derive an approximate expres-
sion for the equilibrium radius:

req « rabs (Q2/Q,)I/3

The further evolution of a micropinch (MP) may be considered as a process of
'sliding' over the equilibrium radius which is altered as a result of a slow plasma out-
flow from the neck, because of the rise in plasma temperature. The process of 'neck'
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FIG. 2. Pinhole camera images showing luminosity zone with slight inhomogeneity and diffuse
boundaries.

evolution will come to an end when a temperature level is reached where the pinch
current ceases to be critical.

The experimental studies of the MP structures have been conducted on the
KPF-3 device, which is a Mather-type PF (W= 100-150 kJ, I = 1.5 MA). Soft
X-rays (SXR) have been recorded by means of a two-channel pinhole camera which
was directed normal to the system axis. Limiters, 0.6 mm in diameter, were covered
with 9 and 18 jtm thick Al filters.
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For pure deuterium discharges, there is a luminosity zone of substantial size
(5-6 mm in diameter and ~ 20 mm in length) with a slight inhomogeneity and diffuse
boundaries (Fig. 2(a)). Adding a small percentage of Ar leads to a substantial growth
in luminosity intensity over the SXR range. The pinch size is reduced and its bound-
aries become sharper. At the same time, local 'spot-like' inhomogeneities appear
which in a number of cases are at considerable distances from the main pinch
(Fig. 2(b)). By adding Xe, the background luminosity disappears, and the pinch
breaks up into a series of 'spots' (up to ten and even more), which are mainly concen-
trated along the system axis. The MP sizes have been found according to the smear-
ing image boundaries (Fig. 2(c)). The images are taken by using square limiters with
polished edges covered with 0.5 mm thick Be filters. The MPs were 10 to 100 /̂ m
in diameter. In the axial direction, the 'spots' are usually smeared out more effec-
tively . This fact may be the result of their axial movement or an evidence for an
aspect ratio of ~ 3. The optimum regime, in terms of the available number of' spots',
their sizes and their brightness, is attained with a 1 to 2% Xe content.

When Ar is added, the MPs vary in size from 50 to 300 pm. It appears that the
quantities of Ar ions that can be realized in these experiments are not sufficient to
ensure more efficient radiation energy losses. A significant rise in the Ar concentra-
tion within the compression zone, leaving the dynamic properties of the discharge
unaltered during the preparation stages, has been achieved in the experiments in the
KPF-1M device (40 kJ, 20 kV), where Ar additions have been supplied by means
of time controllable pulsed filling. The vacuum chamber for these experiments has
been filled in advance with deuterium of up to 3 to 5 torr. Ar was supplied in pulses
through the axial channel of the inner electrode, directly into the PF formation zone.
The impurity concentrations were controlled by a time delay between the opening
of the electrodynamic valve and the moment of discharge initiation. In such cases,
pinhole camera photos are similar to pictures observed in discharges with a Xe-D2

mixture preliminarily fed into the vacuum chamber, but the orientation of the 'spots'
along the system axis is more accurately defined here. The sizes of some MP turned
out to be smaller than the spatial resolution of the tools used (:£ 10 Aim).

The effective radiation energy in the experiments with Xe, as estimated by the
filter methods, appears to be the same for all MP, regardless of their brightness, and
amounts to 4-5 keV (\ = 2.5-3 A). Spectroscopic studies in this region have been
carried out on a Johann-type spectrograph with a quartz crystal. Figure 3(a) cor-
responds to a series of several tens of discharges with MPs of typical sizes from 30
to 100 fim, while Fig. 3(b) refers to MPs 10-30 jum in size. Both spectra show a
characteristic Cu line (K )̂ in the second order of diffraction; the line may be excited
as a result of electron beam bombardment of the anode. Another couple of lines is
close to the characteristic lines of Xe, (La, 1̂ ); they are, however, shifted towards
the short wavelength side as compared to the tabulated values. This fact proves that
these lines are radiated by ions with partially ionized external shells. Special interest
is due to a pair of unresolved spectral features within the ranges of 2.56-2.58 A and
2.73-2.75 A. These transitions were identified in Ref. [2] as dielectronic satellite
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FIG. 3. SpectroScopic studies on Xe with Johann-type spectrograph.

lines of a Na-like ion of Xe+43. A characteristic feature in spectrogram (b) is the
fact that it contains additional spectral singularities which correspond to resonant
transitions in a Ne-like ion of Xe XLV.

The experimental results obtained allow us to draw the conclusion that pinching
regimes undergo considerable changes, even in the case of adding smallest amounts
of heavy impurities. Assessing the MP plasma parameters is of special interest. Tran-
sitions of the Ne-like ion of Xe+44 and its satellite transitions into the Na-like ions
of Xe+43 recorded in our experiments allow us to roughly estimate the plasma Te

according to its ionization composition: Te = 0.7-1 keV. On the assumption
that the total discharge current (~ 1 MA) flows through the MP plasma with
r « 10"3 cm, with the Bennett condition fulfilled, in a plasma with 2% Xe, the esti-
mated values of the electron and deuterium densities are n<. = 6 X 1023 cm"3 and
nD = 3 x 1O23 cm"3. These estimates are based on two conjectures (total current
through MP and Bennett equilibrium), which cannot be proved consistently within
the framework of the present work. Indirect confirmations of these estimations may
be found in Ref. [3] on measurements of MP plasma parameters in low inductance
vacuum sparks. We are not sure about the extreme rate of MP compression, either.
One of the obstacles to attaining stronger compression in our experiments may be
anomalous heating brought about by developing current instabilities and strong
turbulence.
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II. At the Lebedev Institute of Physics, the dense plasma focus (DPF) investi-
gations have lately been concentrated in two directions: plasma parameter scaling
laws in neutron optimized regimes (side by side with the well known empirical law
Nn oc I4, where Nn is the DPF neutron yield, and I is the pinch current), and the
search for temperature and density control therein, including laser-beam interaction.

In the experiments, which have been conducted by stereotypic methods, DPF
of Filippov and Mather geometries had been investigated, with bank energies from
20 to 250 kJ, which permitted us to draw some conclusions on the scaling laws in
these pinches; these are the record ones according to the parameter 'neutrons per J
of stored energy'.

Let us first note that at the moment of the 'first compression' we have, in fact,
three pinches: the zone of current concentration in the low density turbulent plasma
(3 to 8 cm in diameter), the region of high density plasma (0.3 to 3 cm in diameter)
and the zone of the hot, bright (in X-rays), dense plasma (0.03 to 1 cm). In this con-
nection, the scaling law discussion for DPF should be carried on as follows: for neu-
tron yield for the first zone (the current concentration pinch), for plasma density for
the second pinch type, and for plasma temperature for the third pinch type. And, at
the same time, we should bear in mind that after the first compression the turbulent
phase takes place where the diameter of the dense zone is increased by a factor of
two, the plasma density is decreased by several times and the plasma temperature
(energy density) of the zone is increased. The main neutron pulse corresponds to this
phase. At present, most specialists explain the DPF neutrons on the basis of the gyrat-
ing particle model for medium energy ions [4] accelerated and confined in self-
induced DPF fields, including the presence of a longitudinal magnetic field [5], aris-
ing as a result of the compression (~ 103 in radius) by the current sheet of the initial
Earth's magnetic field, the rest installed magnetic field and also the Hall components
initiated at the beginning of the discharge vortex formation.

The neutron scaling law can be explained on the basis of various hypotheses on
the change of the DPF discharge parameters as the installed energy (and current)
increase:

(1) density dependent:

I4 r
Nn oc n2

pl <OV>.VT OC - ^ <orv> r3 ^ r

(T, = const);

(2) temperature dependent:

Nn oc nj;, <<rv> VT OC <<rv> oc T4 a S4, oc I4

(njji Vr = const);
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(3) beam dependent (with the gyrating particles):

Nn « npl Nj {<rv} VT OC N; Vr oc I-I2-I = I4

(8; = const, npl = const, Tt = const).

Experimentally, the third type is confirmed, i.e. the DPF is the plasma blob
bombarded and heated by the medium energy ion stream (20-150 keV, 1-50 kJ),
generated and confined in the self-induced pinch fields.

Indeed, in the above-mentioned DPF, energy range identical methods have
demonstrated an independence from the device size both at the first compression
moment and during the turbulent phase of almost all parameters: plasma density
(3 x 1018; 8 X 10 n cm"3), temperature (0.4; 1.0 keV) and current sheet velocity
(3 x 107 cni'S"1). At the same time, the increase of the quantity of medium energy
ions (ocl), of neutron pulse duration (ion confinement time) (ocl) and of the dense
hot plasma volume («I2) has been demonstrated.

In the last few years, in connection with the experimental discovery of near-
solid state plasma densities appearing in the electrical discharges of low inductance
vacuum sparks gaps and exploding wires in the high atomic number substances, a
number of the theoretical investigations have been published, in which the authors
examine the possibility of thermonuclear burning wave initiation and propagation
within the plasma necks of Z-pinches, using the deuterium-tritium mixture. The
essential point of these works is the hypothesis of a possible realization of an adiabatic
plasma compression regime in the course of neck development, so that nplrp ~
const, where npl is the plasma density and rp the pinch radius at the neck point.
According to calculations in the case this compression regime is reached at the final
pinch stage through a region of 1 îm diameter, a current as high as 10 MA must
flow, the corresponding plasma density has to achieve thousands of times the solid
state density, and the temperature should be of the order of 10 keV. With these
extreme parameters, it is interesting to compare the actual experimental results real-
ized, at present, in devices of the DPF-type, which work with light gases (deu-
terium), and to find a correlation of the absolute neutron yield with the time
behaviour and the plasma parameters of the pinch necks. The experiments have
demonstrated the following features:

(1) At the moment of neck creation in the pinch, the neutron flux is very close to
zero.

(2) The total neutron yield shows no correlation with the quantity of pinch necks
(whose number varied from 0 to 13 in our experiments).

(3) With decreasing neck radius, the plasma density remains virtually unchanged.
(4) The neutron emitting zone approximately coincides with the whole, dense

plasma blob (much larger than the neck size).

From these facts it is clear that, given the present day DPF technology, the
nature of the neutron yield is not connected with the plasma compression in the necks.
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The quoted results of the experimental investigations of the plasma parameters
in real devices have shown the necessity of plasma density and temperature increase
in DPF. The possible methods of achieving this goal are demonstrated by experi-
ments with heavy gas doping of the deuterium, by a Mather geometry DPF of small
size functioning (where the impurity doping is provided by electrode burning) and
by laser injection of heavy materials inside the pinch [5]. In these experiments, the
usual pinch necks developed; the plasma parameters there appeared to be increased:
npl — 1020 cm"3, T — 2 keV (although the main neutron pulse is generated later on,
in the turbulent phase).

Hence, it appears that in experiments with heavy gas doping and also with laser
interaction, the above-mentioned density and temperature dependent scaling laws
could partly be realized, because of radiative plasma cooling. As a rule, in real
devices, the evolution suffers from the absence of hard radiation (the 'training' phase
during which the insulator and electrode surfaces are covered by a film of compli-
cated composition and deuterium is filled in), in the regimes with one or two com-
pressions and, finally, in the 'X-ray regime' ('breaking-up regime'), where the
significance of the heavy impurities and the hard radiation yield are maximum.

The experimental results supporting the mechanisms of the physical processes
taking place in the DPF — breakdown of gas near the insulator, triple pinch compres-
sion (current, density and temperature) near the axis, current disruption and diode
acceleration of the electrons and then the ions, magnetization of medium energy ions
and their interaction (including heating) with the pinch plasma — enable us to esti-
mate the really accessible plasma parameters in the DPF with a stored energy that
is an order of magnitude higher than the one existing at present (~10 MJ).

According to the experimental dependences, the estimates have demonstrated
the possibility of reaching 10% of the thermonuclear efficiency on the above-
mentioned level of stored energy, in all three scaling models for very moderate dis-
charge parameters: E » 10 MJ, I « 10 MA, np, ~ 5 X 1020 cm"3, T; « 10 keV;
dp = 0.1 cm, hp « 5 cm.

A neutron source of such an efficiency can be used both for fission fuel produc-
tion ('symbiotic' scheme) and in the hybrid reactor variant [6].
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Abstract

PROGRESS IN PLASMA FOCUS OPERATION UP TO 500 kj BANK ENERGY.
Recent results from two plasma focus experiments, Poseidon (500 kJ, 80 kV) and DPF 78 (28 kJ,

60 kV), are reported. On Poseidon the well known stagnation of neutron yield at high bank energies
(280 to 500 kJ) was studied. Measurements with magnetic and optical probes suggest that the saturation
is due to a malfunction of the current sheath, particularly in the radial collapse, leading to inefficient
pinch compression. Impurities released mainly from the insulator may be responsible. When the Pyrex
insulator was replaced by an alumina insulator the operation of the plasma focus at high Wo was con-
siderably improved. Neutron yields of up to 2.5 x 10" per shot at 500 kJ were obtained, the average
corresponding to 80% of an i " scaling. On DPF 78, operated with deuterium or hydrogen filling and
noble gas doping, the evolution of plasma parameters and emissions (soft X-rays, electron beams, fusion
neutrons) and their connection to the formation of hot spots were investigated with high time resolution.
Electron beams of high intensity and energy ( a 10 kA, > 150 keV) were observed at the beginning and
during the pinch phase, and with lower energies ( — 50 keV) after m = 0 breakup. The electron beams
may govern local temperature developments in the plasma. Hot spots appearing in both time phases in
the presence of electron beams are very likely not directly caused by m = 0. Hot spots are not a primary
source of neutron emission, which in this high voltage focus also takes place during the pinch phase.

1. RECENT RESULTS FROM THE 500 kJ PLASMA FOCUS DEVICE
POSEIDON

1.1. Introduction

Plasma focus (PF) devices are considered to be one of the most effective fusion
neutron sources. Their neutron yield generally scales with a power of the pinch cur-
rent YN ~ I£ (3.2 < a < 4) or with the bank energy YN ~ Wo- Particularly in
large PF devices (Poseidon, PF-360 at sSvierk, the MJ focus at Frascati), however,
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it was found that the neutron yield stagnates or even decreases when the energy input
Wo and the current are increased above a certain critical value, despite extensive
efforts to optimize the electrode dimension. This effect seemed to limit the future
prospects of the PF as a fusion device.

For Poseidon the total neutron yield stagnated at about 10" neutrons per shot
when the bank energy was raised from 280 kJ (60 kV) to 380 kJ (70 kV). At higher
energies (380 kJ < Wo < 500 kJ) the neutron yield decreased drastically unless a
conditioning procedure was performed between discharges [1, 2].

This saturation effect was studied on Poseidon in the energy range 280 kJ <
Wo < 500 kJ with a Mather type electrode configuration (anode: 0a = 208 mm
dia., length I = 470 mm; cathode: 0K = 270 mm dia.) and with a Pyrex insulator.
Extensive measurements of the rundown and collapse sheath properties were carried
out using magnetic probes, optical photography and interferometry.

It being presumed that impurities, oxygen in particular, play an important role
in the sheath behaviour, the Pyrex insulator was replaced by an alumina insulator,
all other specifications remaining unchanged. Preliminary spectroscopic observa-
tions [2] indicated the presence of impurities in the sheath when a Pyrex insulator was
used. In alumina the oxygen is chemically bound more strongly and therefore less
oxygen impurities are expected. As will be shown in the following section, the per-
formance of Poseidon was considerably improved, especially at 500 kJ operation.

1.2. Results of measurements on Poseidon

For the comparison of 'good' (high neutron yield) and 'poor' (low neutron
yield) shots in the case with the Pyrex insulator, the current rise signal I was
measured with magnetic probes. For the rundown phase five probes were positioned
near the cathode rods and at the anode surface at different axial positions (see Fig. 1).
For the compression phase the I signal was taken with two probes in the flat anode
top. The axial velocity of the luminous sheath at the anode is determined in the run-
down phase by a series of optical probes.

The typical probe signals for I (Fig. 1) reveal features of the structure of the
current sheath. Together with the current sheath velocity (vz = 107 cm/s for good
shots and approximately 10% lower for poor shots), the current sheath width is deter-
mined from the half-width of the I signal. In the rundown phase this sheath width at
the cathode is 2.0 cm at z = - 2 7 cm and increases to 2.6 cm at z = - 1 7 cm. At
the anode the sheath width amounts to 1.9 cm at z = -8 .5 cm. These values, the
sheath structure and the current density are nearly the same for high or low neutron
yield, as can be seen from I signals during the rundown phase (Fig. 1). About the
same sheath current is transported to the end (z = -8 .5 cm) of the anode.

Marked differences, however, appear for the compression phase. The I signal
exhibits two spikes (one small and one high), indicating a dual structure of the current
sheath. In poor shots the first spike is either absent or hardly visible. Also, poor shots
do not show sharp negative spikes at maximum compression of the density sheath.
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FIG. 1. Current rise for operation with Pyrex insulator as a junction of time from the magnetic probes
near the cathode and anode surfaces (solid lines: good shots, broken lines: poor shots). Charging
voltage Uo = 80 kV, pressure p = 6 mbar D2.
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FIG. 2. Current rise for operation with A12O3 insulator as a function of time from the magnetic probes
near the cathode and anode surfaces (solid lines: good shots, broken lines: poor shots). Charging
voltage Uo = 60 kV, pressure p = 4 mbar D2.
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FIG. 5. Mean neutron yield YN as a function of charging voltage Uo or bank energy Wo for Pyrex and

A12O3 insulators.

This is a clear indication of deficient compression in the case of poor shots. In radial
streak pictures of the collapsing sheath a distinctly lower radial velocity of the
luminous sheath is observed. (The features of the streak pictures are similar to those
of Fig. 4 taken for good and poor shots employing an alumina insulator.) While
according to interferometric framing pictures the density sheath structure and its
width do not show marked differences, at least in the early phases of the radial com-
pression, soft X-ray pinhole pictures and streak pictures in the visible range clearly
show that a badly compressed pinch with a large pinch radius, a diffuse appearance
and low dynamics results in poor shots.

The sheath behaviour in the rundown phase was again studied with magnetic
and optical probes, for the case of an alumina insulator, particularly for the opera-
tional mode 280 kJ, 60 kV, 4 mbar deuterium (Fig. 2). Poor shots could be
produced by adding up to 2% nitrogen to the deuterium filling.

At the anode the IA amplitudes have values for the A12O3 insulator a factor of
1.5 higher than for the Pyrex insulator. For good shots the anode sheath width is
1.6 cm and for poor shots 1.4 cm, which is somewhat lower than with Pyrex.
Remarkable differences now appear in the axial sheath velocity (Fig. 3). The run-
down velocity for good shots with the A12O3 insulator is clearly higher than for poor
shots and rises somewhat more strongly along z.

An important result of these measurements is that no loss current across the
A12O3 insulator could be determined at 60 kV, while for the Pyrex insulator there is
a loss current of 15%. Tentative results from operation at 70 kV (380 kJ) indicate
a loss current also across the A12O3 insulator.
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No magnetic probe measurements have been performed so far for the compres-
sion phase for the case of an alumina insulator. However, the Ilot signal measured in
the collector of Poseidon exhibits a much more pronounced negative spike. The
amplitude of the spike with the A12O3 insulator is more than twice that observed
with the Pyrex insulator, and the half-width is much smaller. This indicates a better
compression, which is corroborated by radial streaks (Fig. 4). The mean radial com-
pression velocities taken from such streaks are distinctly higher, for instance
13-15 cm/fts for Pyrex and 18 cm//^s for alumina. The features of the luminous
sheath for poor shots (with alumina and N2 admixture) are almost identical with
those obtained using Pyrex insulators.

Obviously the operation of the PF device up to 500 kJ, 80 kV is markedly
improved with the alumina insulator. The neutron output is increased (Fig. 5) with
no conditioning procedure necessary. The mean neutron yield for A12O3 insulators
at 80 kV is 1.8 x 10n , and very good shots yielded 2.5 X 10". This is approxi-
mately 80% of an I3 3 scaling. Also, the number of neutrons distributed in separate
pulses changes. Interestingly, with the A12O3 insulator the major portion of the neu-
trons were emitted during the pinch phase (first pulse), and the second pulse (after
m = 0) is mostly relatively small. The reverse was the case for neutron distribution
with Pyrex. Together with the increased vr observed with alumina, this points to an
acceleration process of deuterons being responsible for the first pulse neutrons that
is at least indirectly dependent on vr.

1.3. Conclusions

Operation with a Pyrex insulator shows a decided saturation of neutron yield
for bank energies of 380 to 500 kJ. There are many indications that the malfunction
of the focus at high bank energies (poor shots) may be attributed to the detailed cur-
rent sheath behaviour but not to a deficit in sheath current. Except for a slightly
reduced sheath velocity there are only minor changes for poor shots in the rundown
phase. Essential changes appear in the current sheath structure of the compression
phase, where distinctly lower radial sheath velocities are measured and a diffuse
plasma pinch of relatively large radius indicates an inefficient compression. The fact
that these phenomena can be produced to some extent by the addition of impurities
(N2, O2), and the effectiveness of conditioning procedures, make it probable that
impurities, particularly oxygen, emanating from the Pyrex insulator may be responsi-
ble for a degeneration of the sheath. These impurities, which may have been
deposited at the electrode (anode!) surfaces in the preceding discharge, may drive
instabilities [3], which are likely to influence the current distribution.

Consequently, by changing to an alumina insulator, where the oxygen is chemi-
cally bound much more strongly than in Pyrex, the focus operation is improved con-
siderably. Even at 280 kJ, 60 kV the rundown velocity vz becomes larger and
typical changes in current sheath structure and radial dynamics occur. It is planned
to confirm these conclusions by spectroscopic measurements.
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2. STUDIES OF NEUTRON EMISSION, ELECTRON BEAMS AND HOT
SPOT FORMATION IN THE DPF 78 PLASMA FOCUS

Extensive measurements were carried out recently on DPF 78, a medium size,
28 kJ, 60 kV Mather type PF operating with up to 5 % by volume admixtures of noble
gases to the hydrogen or deuterium fill gas. The objective was to provide detailed
time correlation of the pinch dynamics and the X-ray emissions, in particular hot spot
formation and its presumed connection to the dynamics and emission of X-rays, elec-
tron beams and neutrons.

2.1. Pinch dynamics and hot spots

The pinch dynamics and hot spot formation have been investigated using an axi-
ally resolved optical streak camera and a novel dual channel soft X-ray streak camera
system [4], in addition to filtered X-ray PIN diode measurements.

A digitized output of a typical double axial X-ray streak photograph with varied
filtering is shown in Fig. 6 for a discharge in 3.5 torr H2 with 0.3 torr Ar. The bot-
tom image views mainly radiation between 3.2 nm and 10 nm, while the top image
is sensitive primarily to X-rays below 1 nm.

The curvature of the collapsing plasma sheet leads to the creation of a dense
pinch first in a small axial region along the axis, which expands both into and out
of the hollow anode within 10 ns to a length greater than 10 mm as other parts of
the collapsing sheet stagnate on the axis. Thereafter the axial motion of the hot, dense
plasma region in both axial directions continues. In the +z direction an average
velocity of 30 cm//is is measured. By using harder filterings, localized hot, dense

150 nm Ag
2.5 [im Kimfol

100

FIG. 6. Axial soft X-ray streak using double pinhole camera.
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FIG. 7. Typical plasma soft X-ray emission recorded by three PIN diodes side-on, together with one
channel of electrode X-ray emission (p = 5 torr H2 + 0.15 torr Ar).

spots are observed to form within the moving plasma during this period. Hot spots
observed at different z-positions occurred at different times.

The moving dense plasma lasts until disruption associated with the m = 0
instabilities of the bulk plasma occurs. In some instances a second hot, dense region
is observed to evolve after m = 0 breakup in a zone around the axis localized down-
stream of the breakups at z > 15 mm (Fig. 6 at t « 50 ns). Hot spots are again
observed in this dense region. Correlation with electron beam measurements indi-
cates that this sudden creation of a hot, dense plasma is associated with the onset of
an intense electron beam with an energy below 50 keV.
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Examination of the plasma X-ray emission in the 1-12 keV range shows that
there are two distinct periods associated with the pinch phase and the late phase
described above [5], in close agreement with the soft X-ray streak observations.
Typical side-on X-rays detected by the three PIN diodes are shown in Fig. 7 together
with an end-on signal. In the first period, which begins at the first compression of
the pinch column, the signal is dominated by inner shell characteristic line radiation
from a cold plasma for the first 8-12 ns, followed by strong hydrogen and helium-
like line radiation and recombination continuum from a thermal plasma evolving
quickly into the keV region. The emission originates from the axially expanding
pinch. The second period is observed after the breakup of the plasma column. The
emission is observed to originate primarily from a small region on axis at greater than
15 mm from the anode. The plasma temperature is observed to rise rapidly to about
3 keV in under 10 ns and to fall to below 1 keV in 20 ns.

2.2. Electron beams

The first X-ray signal coincides with the presence of energetic electron beams
detected through the Cherenkov detector, the signal of which is time correlated to the
period around the time of maximum compression through the simultaneous measure-
ment of optical emission from the plasma [6]. Figure 8 shows, some nanoseconds
after the peak of the optical emission, a large spike due to the Cherenkov signal with
an FWHM of <10 ns. In most cases no Cherenkov signals are observed during the
remaining lifetime of the plasma. The sharp spike of the Cherenkov signal generally
appears within —4 to 12 ns of the time of maximum compression.

High energy X-rays released by electron beam-target interaction from inside
the hollow anode were detected by the end-on filtered PIN diodes. By placing a target

0
1 I
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1
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80
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FIG. 8: Signal of the Cherenkov detector placed in the anode, together with the visible light signal.
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FIG. 9. Evolution of electron beam current and electron beam energy in the DPF 78.

at the end of the hollow anode and analysing the resulting beam target X-ray spec-
trum, taking into consideration both inner shell and continuum emissions, the evolu-
tion of the electron beam in energy and intensity as shown in Fig. 9 is obtained. The
energetic beam of the first period is observed to slow down from greater than
180 keV to about 50 keV in 30 ns in the presence of an evolving high temperature
plasma.

In the second period, which follows the breakup of the stable plasma column,
a sudden onset of intense low energy electron beam activity is observed. This activity
is correlated with the formation of a high temperature plasma in a region away from
the anode.

The spatial origin of the hard X-rays was studied by employing polythene
inserts inside the hollow anode. The experiments show that most of the emission of
the first period, especially during the first 10 ns, originates from the end of the
anode. In the second period the measurements suggest that most of the electrons have
lower energy, are tied to the field lines and strike the first few centimetres of the
anode.

2.3. Neutrons

Scintillator/photomultiplier detectors were used to monitor the fusion neutron
emission. Neutron emission during the first period (pinch phase) was detected. The
neutron signals were observed to rise to a peak in about 20 ns from maximum pinch
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compression. In less than 20% of the discharges a distinct second neutron peak was
observed during the second period, correlating with an increase in electron tempera-
ture given by the X-ray signals.

The presence of a high energy electron beam during the time of first compres-
sion is associated with good neutron yield, though the intensity of this beam does not
appear to be directly relevant.

The dependence of neutron yield on the presence of hot spots is investigated by
doping the deuterium filling with about the same mass fraction of different high Z
noble gases, including argon, krypton and xenon. The number of the hot spots
recorded on X-ray pinhole photographs increases when the doping gas is changed
from argon to xenon. The maximum neutron yield, however, is found to decrease
with the atomic number. The second period neutron signals, when present, tend to
be more prominent with higher Z impurities.

2.4. Conclusions

Advanced measuring techniques with nanosecond time resolution reveal the
truly dynamic nature of the PF, particularly in the pinch phase. The emissions, elec-
tron beams and soft X-rays, and the evolution of the plasma properties are strongly
related to the dynamics.

In the first period of the focus a relativistic, high energy electron beam appears
in a relatively cold plasma at the time of or shortly after the maximum compression.
Then the plasma heats up, possibly through beam induced microinstabilities, and the
beam slows down. The soft X-ray active plasma extends over a region of - 1 0 to
+ 15 mm along the z-axis. A mechanism for the production of the energetic part of
the electron beam could be the vr X B field during the expansion of the pinch
column [6].

Interestingly, in this high voltage machine neutron emission is already observed
during the pinch phase. Such first pulse emission is reported to occur only in large
or high current focus devices. A good neutron yield is associated with the presence
of a high energy electron beam but the intensities of the two emissions are not
correlated.

In the second period, which follows some time after the m = 0 pinch breakup,
intense electron beams of moderate energy are observed. Frequently soft X-ray
activity indicates a hot, dense plasma with a remarkably high temperature of 3 keV,
not seen hitherto. This high temperature plasma is often confined to a small region
a few millimetres in diameter, and appears later (> 50 ns) than the m = 0 (10-40 ns)
and at higher z-positions (z > 15 mm), so the m = 0 could not be the direct source
of this phenomenon.

Hot spots can occur during the first period as well as after the pinch breakup.
They are observed in the dense, axially moving pinch plasma and later, after the
m = 0, at higher z and also at off-axis positions. The streaks and pinhole pictures
show that at least some of the hot spots have not developed from m = 0 instabilities.
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The observations with different high Z gas mixtures indicate the connection with radi-
ation. The neutron yield scaling suggests that hot spots are not a primary source of
fusion reactions in our focus.
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Abstract

BEHAVIOUR OF IMPURITIES DURING RF HEATING IN THE URAGAN-3 TORSATRON.
It is shown that, under conditions of plasma formation and heating by RF fields in the ion cyclo-

tron region of frequencies in the Uragan-3 torsatron, the edge plasma potential oscillations at the pump-
ing frequency and its harmonics are responsible for the metal impurity release from the surface of the
helical winding casings. The impurity influx from the antenna is produced by a quasi-steady flux of
> 100 eV ions onto the antenna surface which arises in the divertor magnetic flux region during the
RF pulse. To study the impurity transport to the plasma column surface, carbon atoms were injected
from a target irradiated by a ruby laser. The regularities in the transport behaviour are treated, proceed-
ing from the time evolution of carbon line intensity, with the use of a simple model, based on neoclassi-
cal theory. To improve the model, analytical relations for geometrical factors included in the diffusion
coefficients have been derived with the specific features of a real torsatron magnetic configuration taken
into account.

1. INTRODUCTION

In previous experiments on the torsatron Uragan-3 {(= 3, m = 9,
5p = 9 cm, R = 100 cm, t(0) = 0.18, t(a,,) = 0.4, B < 0.9 T) in the regime
optimized with respect to the hydrogen working pressure p and the relative value of
the transverse field, B±/B, at an RF power PRF = 450 kW delivered to an antenna
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with titanium nitride coating, a plasma with the following parameters has been
obtained: T;(0) < 1 keV, Te(0) < 0.3 keV, H,. = 2 X 1012 cm"3, 0 = 0.5-0.6% [1].
However, an investigation of the plasma energy balance has shown that a substantial
part of the RF power radiated by the antenna is absorbed in the peripheral plasma
outside the closed magnetic surfaces. Attempts to increase n,. led to an increase of
the radiation loss and a decrease of the attainable ^(Te + T,) and (3. The necessity
arose to investigate processes in the peripheral plasma and impurity release
mechanisms.

2. PERIPHERAL PLASMA AND RELEASE OF IMPURITIES

The absolute level of plasma contamination by impurities in a torsatron with a
divertor should be determined by: (1) the flow of impurities to the surface of the
plasma column; (2) screening properties of the plasma divertor layer, the main-
tenance of which can require substantial power; and (3) impurity transport.

2.1. Potential oscillations in the peripheral plasma and flow of impurities

The following can be considered as the causes of enhancement of interaction of
the peripheral plasma with the surface under conditions of RF heating: (1) the rise
in Te of this plasma and the jump in the Langmuir potential in the plasma-wall layer
with the corresponding increase of the energy of the ions carried out to the wall [2],
and (2) excitation of the potential oscillations in the peripheral plasma due to its polar-
ization by the antenna electrostatic field [3]. The second process can produce both
the ion streams to the surface and arc formation.

Oscillations of the plasma potential 4> in the frequency band from 1 to 50 MHz
are measured by a capacitive probe (CP) which was introduced into the gap between
the casings of the helical winding at an angular distance of 130° in the toroidal direc-
tion (cross-section 4 in Fig. 1) from antenna K-2 (the 'distant antenna'). The edge
of antenna K-l (the 'near antenna') was located at a distance of 30 cm from cross-
section 4. The streams of charged particles to the surface of the helical winding cas-
ings I and in the space between the casings ID were measured by a system of
screened electric probes (EP). Line radiation from neutral atoms of metallic impuri-
ties was measured in two channels. The optical axis of one of them (monochromator
5 in Fig. l(a)) is directed along the tangent to the torus circular axis near the distant
antenna. The radiation from cross-section 4 was recorded in the vertical channel.
In the first channel, lines Ti(I) (364.2 nm) and Cr(I) (359.3 run) were recorded, and
in cross-section 4, lines Cr(I) and Fe(I) (302.0 nm). A microwave interferometer (6
in Fig. l(a)) was used to determine the plasma density n in the divertor stream.
Figure 2 shows oscillograms of the RF voltage at the antenna (U), the signal from
the magnetic probe (B) recording the excitation of the ion cyclotron wave, the CP
signal (4>), the current I to the EP mounted on the casing and oriented along the heli-
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FIG. 1. (a) Schematic view of the Uragan-3 torsatron with edge plasma diagnostics and antennas:
I, 2, 3: helical winding casings; 4: cross-section of the torus where the probes are placed; 5: mono-
chromator; 6: microwave cavity.
(b) Cross-section 4 of the torus with EPs mounted normal to the casing surface (7), along the helical
winding (8), and between the casings (I-V). Magnetic field lines which form closed magnetic surfaces
in the central region and those which form the divertor flux at the periphery are separated by the
separatrix.
(c) Schematic view of the antenna: parts C and D face the rib of the separatrix and have zero RF
potential.

cal winding, and the current ID to the EP mounted in the gap between the casings.
It can be seen that intensive oscillations 4> appear at the initial stage of the discharge
(t < 5 ms), when n<. is still insufficient to excite an electromagnetic wave. The
analysis of the CP signals at various points along the plasma radius has shown that
in the discharge stationary phase periodic oscillations of the potential are excited in
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FIG. 2. RF voltage (U), magnetic probe signal (B), CP signal (<j>), EP signal from the casing surface
(f), and EP signal from the spacing between the casings (ID) versus time.

the peripheral plasma. The spectrum of these oscillations contains the pumping fre-
quency and its harmonics. The amplitude of the potential oscillations excited at the
periphery (r = 16-19 cm) by the distant antenna during the steady state of the dis-
charge reached 10-50 V, depending on p and B. When the near antenna is energized
it reaches ~200 V. The currents to the EP collectors oriented in different directions
along the helical winding are antiphased, the amplitudes of the ion and electron parts
being comparable. The amplitude of I increases as <£ rises. The maximum ion current
density to these probes is ~ 10 mA/cm2 when the RF power is introduced via the
distant antenna and it increases by an order of magnitude when the near antenna is
in operation. The EP current oriented normal to the casing surface is lower by an
order of magnitude.

After the RF pulse is turned on the EPs record a quasi-constant ion current (ID)
in the gap between the helical winding casings. Its distribution qualitatively agrees
with the distribution of n in the divertor stream. The average energy of the ions form-
ing ID is ~ 100 eV (a noticeable fraction of the ions have an energy up to 300 eV),
and the maximum ID current density during the discharge steady state reaches
several tenths of a milliampere per centimetre when the distant antenna is in operation
and increases by an order of magnitude with the near antenna. ID is maintained only
during the RF pulse and quickly falls (<, 100 jtts) after the RF voltage is removed
from the antenna, although n«j and Tt(0) fall much more slowly. The appearance of
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FIG. 3. Potential oscillation amplitude (4>), Cr(I) intensity, ion current in the divertor region (ID),
Ti(I) intensity, and divertor plasma density (n) versus hydrogen pressure. Dashed lines represent neutral

atom concentrations.

a quasi-steady ID at a grounded surface crossed by the divertor stream during the RF
pulse can be explained by the generation in the peripheral plasma of a quasi-steady
(or fluctuating with a low frequency) positive potential. It can appear as a result of
RF current rectification in the layer adjacent to the electrode near the antenna [4].
Evidence of this effect is provided by the existence of a constant current of a few
tenths of an ampere in the antenna DC grounding circuit when the RF power is
introduced by it. If the operating antenna is not DC grounded it acquires a constant
negative potential of about 1 kV. An increased flux of ions from the peripheral
plasma to the divertor stream region possibly maintains the plasma quasi-neutrality
under conditions of electron extraction by the antenna.

Figure 3 shows the dependences on p of the amplitude of the 4> intensities of
Cr(I) (near the casing inner surface) and Ti(I) (near the distant antenna) lines, of the
current ID to the EP in the gap between the casings, and of n, obtained in the sta-
tionary stage when the RF power is launched by the distant antenna. As the constants
of the excitation rate for Cr(I) and Ti(I) lines at Tc - 17-20 eV in the divertor
region are practically independent of Te, the impurity concentrations no and nTi are
proportional to the intensities of the corresponding lines normalized with respect to
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n. The dashed lines in Fig. 3 show the dependences nCr(p) and nTi(p) estimated in
this way. It can be seen that the relative concentration of the Cr atoms arriving from
the casing surface correlates with the variations of amplitude 4>. nTi(p) matches the
variations of ID. Perhaps Ti atoms get into the plasma as a result of ion sputtering
of the antenna surface areas which are located opposite to the separatrix rib and are
under a zero RF potential (areas C and D in Fig. l(c)). Inspection of the antenna dur-
ing one and a half years of operation showed that areas C and D have the greatest
surface erosion, to the extent of the removal of the coating. Estimates of the Ti atom
velocity (~5 x 105 cm/s) characteristic of this process indicate that the basic
mechanism of erosion of an antenna with TiN coating is sputtering.

Two operating modes were investigated in the Uragan-3 torsatron. In the first
mode, with a small duration of discharge (3-4 ms), the RF power was fed in by an
antenna made of stainless steel. The second mode, with a discharge duration of up
to 50 ms, was implemented using an antenna with a TiN coating. The behaviour of
the Cr(I) line in the first mode greatly differs from the behaviour of Ti(I) and ID as
a function of p in the second mode. The curve of the Cr(I) line intensity dependence
on p in the second mode is similar to that of 4>(p) and the corresponding curve for
the Cr atoms delivered to the plasma by the casing surface in the second mode. We
suppose that in the first mode the radiation of metal atoms from the antenna was
mainly determined by the potential oscillations near the antenna. The Cr(I) line
contour there was broader than the Ti(I) contour and corresponded to an average
velocity of (2-3) x 106 cm/s, characteristic of an arc buildup process [5]. Perhaps
the RF oscillations of the plasma potential at the periphery initiated the arc buildup
both on the antenna surface (in the first mode) and on the casing surface.

Comparative measurements of the amount of eroded material for stainless steel
and TiN coating have shown that the coating reduces the number of particles leaving
the surface as a result of arc formation and of sputtering by factors of 10 and 3,
respectively [6]. This can be the reason for replacement of the basic erosion mechan-
ism of a coated antenna subject to the action of both the particle streams in the diver-
tor layer and RF oscillations of the plasma potential. When B changes (Fig. 4), as
in the case when p changes, the correlation between 4>, nCr and nFe remains, while
nTi correlates with ID.

2.2. Screening properties of the plasma divertor layer

Investigations of the plasma behaviour after the RF pulse has been turned off
have shown that the sharp fall of the plasma density in the divertor stream is
accompanied by an increase of n<. in the confinement volume. It was natural to
expect that the discovered effect of the working volume screening from the hydrogen
influx would manifest itself in the reduction of the impurity influx as well. To study
the screening properties of the plasma divertor layer (together with the ergodic
layer), we used the technique of laser injection of a stream of carbon atoms onto the
surface of the plasma column from a massive carbon target located on one of the heli-



IAEA-CN-50/C-V-1 605

Cr(l)

I I I L

I I I

Ti(l)

4

io1<W3)2 '
Q

-

0.4
I 1 1

0.5
B IT)

1
0.6

FIG. 4. Potential oscillation amplitude (<i>), Cr(I) intensity, ion current in the divertor region (ID),
Ti(I) intensity, and divertor plasma density (n) versus magnetic field strength. Dashed lines represent
neutral atom concentrations.

cal winding casings. Carbon was used because at the available Te(0) = 250 eV a
helium-like ion, C4+, was the most suitable for the investigations.

Figures 5 and 6 show two series of oscillograms, obtained during injection of
small and large carbon streams, respectively. With small streams, the changes in all
diagnostic signals are insignificant. With large streams, substantial changes in nT and
n̂  and fall-throughs in the radiometer (ECE) and soft X-ray (SXR) signals are
observed. The C(V) (227.1 nm) line, after reaching an initial maximum, decays
because of plasma cooling; a new rise then appears as a result of further heating. It
is characteristic that when the plasma is cooled as a result of the carbon injection,
oxygen begins to come in. It should be noted that the effect of oxygen influx also
occurs when the initial hydrogen pressure in the installation chamber is raised.
However, even in this case the increased radiation loss does not exceed 15-20% of
the RF power delivered by the antenna to the plasma.

Measurements of the ratio of the C(V) line intensity (characterizing the helium-
like C4+ ion concentration in the central part of the column) and the C(II) intensity
(characterizing the amount of carbon in the peripheral plasma) have shown that the
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FIG. 5. Typical signals for small laser injections of carbon atoms into the Uragan-3 torsatron plasma.
From top to bottom: C(II) 426.7 nm spectral line intensity; diamagnetic probe signal; electron density
ne measured byal mm interferometer; radiometer signal, ui = 2ii>ce; SXR signal; C(V) 227.1 nm spec-
tral line intensity; 0(111) 326.5 nm spectral line intensity.

divertor layer 'transparency' is a function of the impurity flow to the plasma surface
(Fig. 7).

The measured total reduction of the stream of injected carbon atoms resulting
from their interaction with the divertor and ergodic layers is in the range of 1.7-2.2.

2.3. Transport of impurities

The transport of injected carbon was analysed using a simplified model [7]
which preceded a more accurate calculation using a one dimensional code. The
transport of impurities is described by the continuity equation

dN
at

+ div T = 0

where

r = - i
dr
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FIG. 6. Typical signals for large laser injections of carbon atoms into the Uragan-3 torsatron plasma.
From top to bottom: C(II) 426.7 nm spectral line intensity; diamagnetic probe signal; electron density
ne measured by a 1 mm interferometer; radiometer signal, u = 2ace; SXR signal; C(V) 227.1 nm spec-
tral line intensity; O(III) 326.5 nm spectral line intensity.

N = N(r,t) is the total density of impurity ions, a is the plasma radius, and the coeffi-
cient V and the convective velocity D are constant in the volume and time indepen-
dent. The solutions of this equation are confluent hypergeometrical functions with
proper values T( (i = 0,1,...) depending on S = aV/2D. Using the boundary condi-
tion N(a) = 0 we found T-J(S). The values T0 and Tt have a physical meaning and
describe 'slow' diffusion and 'fast' atomic processes, respectively. T0 and TX were
determined using the time dependence of the C(II) and C(V) lines. The reduction of
the C(II) intensity by e times corresponds to Ti and that of C(V) to T0. The values
of D and V were found from the known values T0 and Tj and the dependence TS(S).

For discharges in the field B = 0.45 T, r, = 242/ts and T0 = 976 /is, which
corresponds to D = 8 x 103 cm2-s~'. A more accurate procedure using a one
dimensional code similar to one given in Ref. [8] yielded the values
D = 8 X 103 cm2-s"' and V =. 1 X 103 cm-s"1. Thus the diffusion process is
satisfactorily described by the neoclassical relations. The negative convective veloc-
ity indicates the presence of the mechanism of removal of impurities from the centre
of the plasma column, which agrees with a low content of carbon atoms in the
plasma.
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FIG. 7. Ratio of carbon spectral line intensities, I(C(V), 227.1 nm)/I(C(II), 426.7 nm), versus amount
of carbon atoms injected. The C(II) 426.7 nm intensity was chosen as a monitor of the amount of carbon
atoms injected.

3. CONCLUSION

The potential oscillations in the peripheral plasma at the pumping frequency and
its harmonics have been observed in the Uragan-3 torsatron under the conditions of
buildup and heating of plasma by RF fields in the ICR region. These oscillations
generate streams of electrons and ions to the surface of the helical winding casing.
A correlation is found between the amplitude 4> and the relative concentration of chro-
mium and iron atoms coming into the plasma from the casing surface, when p and
B change.

A quasi-steady stream of ions with energies of about 100 eV to the grounded
surface crossed by the divertor flux is found during RF heating. When p and B
change, ID changes correlate with changes of nTi near the antenna. We conclude
from this that titanium influx to the plasma is caused by the interaction of the ion
stream with the antenna areas crossed by the divertor flux. We have shown that the
ion sputtering mechanism prevails in this interaction.

The factors affecting the release of impurities during RF heating of the plasma
are greater by approximately an order of magnitude near the operating antenna com-
pared with their values far from the antenna.

The screening properties of the divertor and ergodic plasma layers were
observed. The measured total reduction of the stream of injected carbon atoms under
these conditions was 1.7 to 2.2.

The transport of impurities is satisfactorily described by the neoclassical rela-
tions. The negative value of the convective velocity indicates the presence of the
mechanism of impurity removal from the centre of the plasma column.
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Abstract

PLASMA EQUILIBRIUM AND STABILITY IN STELLARATORS.
The dependence of both equilibrium and Ohmic current profile stability against kink modes on

the rise of rotational transform along the minor radius from axis to plasma edge is found for a stellarator
with shear. Characteristics of equilibrium are described for 'piece-wise symmetric stellarators', which
are composed of sections with helical and axial symmetry, with the aim of decreasing neoclassical
losses.

1. INTRODUCTION

Despite the extensive development of computational codes for stellarators, it
seems advisable to consider certain critical issues related to stellarator systems by
means of analytic and semianalytic methods. Among these issues are, for example,
the dependence of plasma equilibrium conditions on rotational transform distribution
over the minor radius. By means of simplified 2-D calculations a simple formula for
limit equilibrium pressure as a function of the rise of rotational transform is obtained.
Another issue is the stability condition of kink modes in stellarators. This was the
subject of a number of works (see, for example, Refs [1, 2], and reviews [3, 4],
where stability diagrams are presented for different current profiles). Nevertheless,
in our opinion there is still no clear physical picture which would be a guiding idea
for useful experiments. In this paper an attempt is undertaken to make up this
deficiency.

The second aim of this work is related to the search for stellarator systems with
decreased neoclassical losses. One idea is associated with a stellarator composed of
sections with helical and axial symmetry (a 'piece-wise symmetric stellarator').
Before investigating global symmetry deterioration in transport properties in such a
system, it is expedient to consider the system's equilibrium and stability properties.
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This is the subject of the second part of the present paper. It is shown that deviation
from a circular axis turns out to be deleterious and may cause a decrease of the
plasma pressure limit.

2. DEPENDENCE OF EQUILIBRIUM & ON THE RISE OF
ROTATIONAL TRANSFORM, ^ - ^

The plasma pressure limit is the most important characteristic of toroidal
systems. It is known that in a number of cases this pressure limit for stellarators is
defined by equilibrium conditions only [5, 6]. As an estimate of £„, the ratio $IA. is
usually used (t,, is the rotational transform at the plasma boundary, A is the aspect
ratio). The estimate is valid for shearless stellarators, i = ^; for ^ = 0 the
equilibrium pressure turns out to be considerably lower. To obtain the dependence
of /?<;<, on t^/to for stellarators with a planar circular axis the scalar 2-D equilibrium
equation [7, 8] was solved for the case of a currentless plasma

(1)

The case was considered when the function \pv in Eq. (1) may be presented as
follows

*v = -2irB0 p^(p)dp (2)

where ^t is the vacuum rotational transform

*sr = <0 + Ob - *o)p2/b2 (3)

Here p is the minor radius measured from the geometric axis r = R.
The equilibrium equation (1) was numerically solved with the help of the

POLAR-ST computational code, a modification of the POLAR code [9], for the
following parameters: R/b = 7, ^ = 0.95, p'(</0 = const. As a limit value
&q = /V2 was taken, at which the relative shift of the magnetic axis £ax/b has some
fixed value. The plasma boundary was considered as fixed.

Calculations have shown (Fig. 1) that for £ax/b = 0.5-0.6, equal displace-
ments of magnetic axis can be obtained for j80 = (2^opo)/Bo growing linearly with
the rise of to/tb from 0 to 1:

&q = V =
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FIG. 1. Equilibrium plasma pressure at fixed axis shift in a stellarator with a circular averaged bound-
ary cross-section as a function of the axis to boundary ratio of the rotational transform; /3fg = ifc/A,
ib = 0.95, A = 7. 1: %Jb = 0.485; 2: %Jb = 0.626.

Here a, and a2 depend on £ax/b only. For a shearless stellarator (/3£, = tj;/A
= 12.9%) the magnitude of jS0/2 turns out to be 13% for %Jb = 0.485. For ^ = 0
a half-radius displacement of the magnetic axis is obtained when 0^/^% •** 0.15.
The general formula for #„, at £ax/b = 0.5 takes the form:

= 0.15 + 0 . 8 5 ^ -^
A

(5)

This result is valid for a circular averaged fixed boundary. An example of such
a configuration is shown in Fig. 2, where the grid used in the calculations, adapted
to the magnetic surfaces, is presented. For j8 = 0 the grid is uniform along the
radius.

The magnitude of (3^ grows as the plasma column vertical elongation increases
[10]. The latter is, however, restricted by the limit value E =

E4 = + 1 (6)

If this limit is exceeded, axis splitting as well as formation of an internal figure-eight
separatrix occur [11]. The calculated /?«, values for elongation close to E(^/<b) fall
on a straight line (Fig. 3). It is to be noted that the inequality E < 2 is valid down
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FIG. 2. Grid used in calculation of equilibrium, adapted to magnetic surfaces, ig = 0.1;
0o/2 = 7.15%; IJb = 0.66.

to /̂<b = 0.8. In shearless stellarators (E = oo), 8^ grows considerably with elon-
gation K = by/bx only for K < 3. Such a dependence on K for stellarators with
<„ = <t, agrees qualitatively with the formula of Ref. [10]:

= (3K2 + 1) K
K 2 + l

8° (7)

which, however, gives a result overestimated by a factor of 1.3-1.4, since the depen-
dence of elongation on radius was not accounted for in the formula.

3. STABLE OHMIC HEATING CURRENT PROFILES IN STELLARATORS

3.1. Sufficient stability criterion

In the framework of the stellarator approximation expression for the potential
energy of ideal MHD kink modes for a cylinder with OH current (pressure gradient
being neglected)

m
(8)
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W
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FIG. 3. Equilibrium plasma pressure in a stellarator with (1) circular and (2) critically elongated
(by/bx = E) averaged boundary, £„/£ = 0.5.

is of the same form for both tokamak and stellarator. The only difference is in the
expression for i. For a tokamak

t =

whereas for a stellarator t = ^ + tJ( where tj, is a 'stellarator' rotational transform.
The condition that an expression in square brackets is to be positive-definite gives
the sufficient stability criterion for ideal modes:

(9)

For ts, = 4 + A^O) with At,t(p) = At°,p2/b2 this criterion, generalizing the
well known condition jzB9 < 0 for an axisymmetrical cylinder with current, takes
the form

j (A*,, - *,) > 0 (10)

where j , A^,, tj are functions of current minor radius p. It is seen that with growing
*st(p) a skin current density profile with t,(p) < A^OO is stable against all kinds of
ideal mode perturbations (Fig. 4).

3.2. Other stable current profiles

The addition of current flowing through the internal region of the plasma
column was not expected to deteriorate this stability. Indeed, analytical consideration
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"1 "

FIG. 4. Profiles of rotational transform ij for the case of OH current satisfying the condition of
stability against ideal MHD kink modes. Solid lines: skin type profile satisfying sufficient stability
criterion; broken lines: stable flat current profile.

of the case with uniform current distribution has shown that fulfilment of condi-
tion (10) at the plasma boundary, where current falls abruptly (inside the plasma
column condition (10) is, of course, not fulfilled), provides an ideal kink mode stabil-
ity. With an arbitrary j(p) dependence and with increasing total t(p), the stability con-
dition for ideal modes with a resonance surface p = ps in the vicinity of the plasma
boundary is also described by Eq. (10) for p = b.

From application of the successive current layers principle [12] to stellarators
it follows that the addition of a thin current layer with j > 0 to the initial current
distribution improves stability of the modes with resonant surfaces lying outside the
additional layer, if

n - mt(p) + i,(p) - Aijp) < 0 (11)

Using this principle along with the stability criterion presented above (10), one comes
to the conclusion that current profiles with j = const for p < pu monotonically
decreasing for p > pu will be stable with respect to all ideal modes, provided con-
dition (10) is fulfilled at a point p = pj (see Fig. 4).

Thus, the condition of ideal mode stability requires that the region of current
density j(p) decrease be situated at a large distance from the axis where A^, is high
enough. In other words a sharp drop of j(p) is needed at the periphery. On the other
hand the tearing mode stability conditions with a rising i(p) profile require that j(p)
decrease not too quickly. These two conditions determine the optimal j(p) profile and
maximum permissible current. Evidently, an increase in A^,(b) will result in an
increase of the permissible <;.

It is evident from the above that improvement of OH current stability with
respect to all modes is provided by the rise of the stellarator rotational transform,
A<st(b). Uniform stellarator transform does not assure the stability of all kink modes
but may affect certain 'critical' modes. For example, nowadays disruptive instability



IAEA-CN-50/C-V-2 617

in tokamaks is believed to be caused by the ideal mode m = 2, n = 1. To provide
disruption stabilization, when the resonant magnetic surface 2t(ps) - 1 = 0 goes
outside the plasma boundary, it is necessary at least according to Eq. (11) that the
condition n - (m - l)tj(O) < 0 [12] be fulfilled, that is, lj(0) > 1. This condition
is contrary to the m = 1 mode stability condition, t(0) < 1. However, when the term
<st is added, the resulting criterion tj(O) > 1 - 2t% is no longer inconsistent with the
m = 1 mode stability condition. In this case stability of the m = 2 mode may be
achieved even with lower current density in the centre of die plasma column than in
the is, = 0 case. The appearance of a region where both m = 1 and m = 2 modes
are stable may possibly be a reason for disruptive instability suppression in the
WVII-A device for low 4 = 0.14. However, with increasing 4> a mode with
n > 1 may become unstable. Thus, for i°t = 0.5, OH current stability conditions
for the mode m = 2, n = 2 are the same as for the mode m = 2, n = 1 in a plasma
with ij, = 0. In conclusion, the analysis presented above shows (1) that uniform
external rotational transform <o = *b may help to uncouple stability conditions for
certain modes (for example those responsible for disruptions), and also (2) that non-
uniform rotational transform ^(p) ^ 0 makes it possible to increase the stable
current limit with respect to ideal and tearing arbitrary m,n modes.

4. PIECE-WISE SYMMETRIC STELLARATORS

A crucial issue for stellarators is enhanced neoclassical transport, caused by the
deterioration of symmetry.

It could be supposed that the reduction of enhanced transport could be realized
in closed magnetic systems consisting of pieces of magnetic configurations with
helical and axial symmetry, i.e. systems which include the 'stellarator' pieces with
a straight or helical axis and the sections of a toroidal solenoid with circular axis. At
least the 'helical banana' drift should be lower in this case.

A simple example of such a piece-wise symmetric stellarator (PSS) with a
racetrack magnetic axis, proposed earlier by E.D. Volkov, V.A. Rudakov and
E.M. Latsko (Khar'kov Institute of Physics and Technology), is shown in Fig. 5.
Here the plasma equilibrium is provided by straight sections with rotational trans-
form, whereas stability can be provided by curved sections if D-shaped magnetic
surface cross-sections are generated at the straight sections. If the magnetic field at
the outside of the curved sections exceeds the maximum magnetic field of the straight
sections, B™" > B™", there will not be trapped particles in the curved sections. In
straight stellarator sections there is no helical banana drift because there is no curva-
ture. The contribution to losses from transit particles reflected from transition regions
in toroidal sections depends on the ratio of the straight section length to the transition
region length and on the details of the system/Therefore it is advisable to first find
those general parameters of a system which provide stable plasma equilibrium.
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FIG. 5. Magnetic system in a PSS with a racetrack axis. 1: Stellarator field coils, 2: toroidal field
coils. The field line path (broken line) and magnetic field strength along the field line are shown.

Let us consider the equilibrium for a stellarator with an axis in the form of a
rounded-off N-sided polygon with N straight sections having helical magnetic fields.
The sections are connected by toroidal solenoid sections with the angle 2ir/N.

The equation for the displacement of averaged circular magnetic surfaces can
be easily obtained from equilibrium equations averaged over fast oscillations
[13-15]:

B v pdp dp > ] •(B7{) = 2liok(s)p'(p)p cos 6 (12)

Here p is the mean minor radius of the magnetic surface, k(s) is the curvature of the
axis, s = L£/2ir is the axis arc length, L s 2wR is the total length of the system,
6 is the azimuthal angle counted from the principal normal, B = {0,B9,B0} is an
effective magnetic field averaged over fast oscillations but slowly varying along s.
The azimuthal component of the effective magnetic field is related to the current rota-
tional transform angle i(s,p) by the following relation;

a.
Be(p,s) = pB0 as

For simplicity we assume that at the straight sections di/ds = f(p), while at the
curved sections dt/ds = 0, contributions from transition regions being neglected. In
the shearless case, dt/ds = i6(s), Eq. (12) can be solved analytically. Introducing a
new azimuthal angle w = 6 - t(s), we can rewrite it in the form

pdp dp 3s2 k(s) cos [co + i(s)] (13)



IAEA-CN-50/C-V-2 619

For p = po(l - p2/b2) one can obtain for displacement in a toroidal section
(s = 0 is its centre)

2B;;b2 ( [ 2 82B?b2 ( [ 2 8 2(1 - c o s t , )

x cos 6 + e°Smh s sin e] (14)
1 — cos i]

and in a linear section

«.--J?S!-H--T=W)0-L'"l4.(1"t
sin | 0 - th (s - A.YIJ ( i5 )

Here 4, 4 are the lengths of a straight and a toroidal section, ko is the curvature,
Li = 4 + 4 = L/N is the length of one period of the system, i{ = IQ4 is the rota-
tional transform for one period (the total rotational transform is i = Nt,).

Maximum displacement takes place in the centre of the toroidal section

4BQ \ 1 - cost]

An increase of stellarator section length for fixed IQ causes an increase of dis-
placement not only for resonant values ix = 2irn but for intermediate values aS well
(Fig. 6). This effect is associated with the influence of secondary currents.

Analytical criteria for both equilibrium and Mercier stability were obtained
[16-18] for shearless systems with D-shaped cross-section in paraxial approximation.
The result is

2b

h A
2sin2(i,/2) 4

4b sin2 — (46anb -

+ 4/4 " } sin2
(18)

where ij = irne2, n is the number of helical field periods in one linear section.
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'max
b

FIG. 6. Maximal shift of the boundary at the middle of the toroidal section in N-gon PSS as a function
of the straight section length at fixed i'(s) = const, ts0 = 2ir/i'.

It can be seen from the formula for ft, that for fixed t, the last negative term
may be of moderate magnitude only in the case when the length of a helical magnetic
field period IJn is long enough. However, in this case 0^ is decreased. The optimal
magnitude of /? turns out to be less than 1%. For example, for aob = 0.3,
b/R = 1/20, 4/4 = 2, n = 2, e = 0.6, one obtains ^ = /Sst = 0.72%. Low &t

are caused by inhomogeneity of the helical field at the linear portions, which nega-
tively affects stability. Stability may be improved if the PSS contains no linear
sections, that is, in a PSS with a spatial axis.

5. SUMMARY

For a stellarator with a circular axis the simple formula (5) has been obtained
which describes the dependence of the stable plasma pressure on the rise of stellarator
rotational transform from the axis to the plasma edge. It has also been shown that
with such a rise no plasma kink instability caused by Ohmic heating current occurs
if the current profile is close to flat and the rotational transform produced by this
current does not exceed the rise in the stellarator rotational transform.

Characteristics of plasma stability and equilibrium conditions for a new class
of stellarator systems, piece-wise symmetric stellarators, have been described. A
domain of parameters optimal with respect to stability and equilibrium has been iden-
tified, which thus allows a field to be delimited for more detailed investigations of
the potential of this class of devices.
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Abstract

MONTE CARLO NEOCLASSICAL TRANSPORT SIMULATION IN A STELLARATOR.
A Monte Carlo algorithm used to evaluate the diffusion coefficient of locally trapped particles

is described. Some areas of application of this technique are presented and numerical results are
introduced. It turns out that the analytical predictions of neoclassical theory describe particle transport
quite satisfactorily. The beneficial role of the electric field (regardless of its sign) is demonstrated.

1. INTRODUCTION

The broken axial symmetry in stellarators generates the so-called locally
trapped particles [1], which introduce an enhanced loss mechanism in the low colli-
sion frequency regime likely to be realized in fusion conditions. A study of this kind
of diffusion requires the solution of the bounce averaged kinetic equation [1-3]:

i f a x 3F aj * F , = S t ( F )

rw 3J/3E ( a e dr dr 30

Here, J is a longitudinal invariant [1], and St(F) is an averaged collision operator
representing the pitch angle scattering:

f(k2) = E(k2) - (1 - k2)K(k2) (3)

623
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In a 'standard' stellarator with the magnetic field strength along the lines of force,
we have

B = B (1 - 5 cos 9 - e cos (B - M<j>) (4)

where r, 0 , 0 are the minor radius and the poloidal and toroidal angles, respectively,
and the pitch parameter k2 is given by

2 _ E - pBo (1 - 8 cos 8 - e )
2/iB0€

For locally trapped particles, we have k2 < 1.
To solve the kinetic equation analytically, we have to choose the particular

frequency ordering in Eq. (1). This is the reason why it turns out to be difficult to
derive a solution that is valid for the entire physically interesting collision frequency
range. Besides, there is some disagreement on the boundary conditions for the distri-
bution function F [1-3]. So, attempts to simulate neoclassical transport seem to have
become inevitable by now. Hence, the Monte Carlo technique [4-6] has gained great
popularity as one of the most natural and time saving methods.

2. PITCH ANGLE SCATTERING SIMULATION

To formulate the foundations of scattering simulation, it would be more correct
to use the theory of stochastic differential equations [8-10]. We shall, however,
follow the path proposed in Ref. [4] because it seems to be very interesting and
'physical' and, in addition, turns out to be valid.

Equation (1) can be represented in the form

= St(F) (6)
dt

with St(F) given by (2). We consider the quantity <k2 - kjjj), which represents the
variation of k2 during At, averaged over the group of trajectories in k2 space with
the initial point k2(t=0) = k2,. Hence, we have

<k2 - k§> = [ dk2(k2 - kg)f(k2,t|kg,t=0) (7)
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— = St(f) (8)

f(k2,t=0|kg,t=0) = 5(k2 - kg) (9)

Expanding f(k2,t|kg,t=0) around the point t = 0,

f = 5(k2 - kg) + St(6(k2 - kg)) + O(At) (10)

and substituting Eq. (10) into Eq. (7), we obtain

<k2 - kg) = * ~ (11)

In the same way, we obtain

<(k2 - k2,)2) = 2v f(k2)At/eK(k2) (12)

According to Eqs (11) and (12), the k2 scattering may be simulated by the following
stochastic equation (see also Refs [8-10]):

Ak2 = ville + -J2v f/eK AW (13)

where W is given by a Wiener process increasing during t, i.e.

<AW> = 0, <AW2/At>| = 1, <AW7At>| = O(At)
At-0 At-0,n>2

Previously [4-6], a Bernoulli random process was used instead of W(t): W = ± 1.
For the collision operator describing the pitch angle scattering of the detrapped
particles,

dt B dfi ^ dfi 2 ax ax

where

X = u/v, u = +V2(E - /xB) (15)

is the parallel velocity, we obtain equations analogous to Eq. (13):

AX = - eXAt + Vv(l - X2) AW (16)
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It should be mentioned that the relation between the Fokker-Planck equation (6) (or
(14)) and the proper Langevin equation (13) (or (16)) is not that simple in the general
case as was represented above. For example, when it is necessary to use a more
complicated difference scheme than Eq. (13) or (16) (the Euler scheme), then the
equations relating these two,

B 32FdF
dt

dx

= A

= a

dF

+ br
dt

where T is a Gaussian white noise, are given by

B = b2, A = a + xb -^- (19)
ox

Here, x depends on the particular choice of the difference scheme (or, which is just
the same, on the choice of the stochastic integral definition). For example, the Euler
method gives x = 0, and the Runge-Kutta scheme leads to x = 1/2. In our simula-
tion, we used x = 1/2, but in the following we shall, for the sake of simplicity,
present the stochastic equations in the simplest form, the so-called Itoh form (see (13)
and (14)), which is adequately connected with the Euler scheme.

3. COMPLETE SET OF EQUATIONS

Having set up the stochastic equations that describe the trajectories modelling
the pitch angle scattering and adding the collisionless characteristics of Eq. (1), we
easily obtain a coupled set of equations for the trapped particles:

= vd sin 0
dt

dO = v^a
a t ~ i

,. -> d t
(20)
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Here,

mro)

o -
"B ~

B r2(2E(k2)/K(k2) - 1)

-&- (21)

Because of the drift and the scattering, however, the locally trapped particles may
detrap. On the other hand, the toroidally trapped and the passing particles may retrap.
This means that even if we only aim at an evaluation of the contribution of the locally
trapped fraction in the transport, we also have to take into account the velocity region
with k2 > 1. Recognizing that particles with k2 > 1 experience much smaller
radial excursions than while being locally trapped, we can neglect their gradient drifts
(see also Refs [4-6]):

at

de
at

at

dX =

= 0

u0o

r

u
R

-eXd t

for k2 > 1 (22)

Here, 0 = S/q = BQ/B, q = const. In Eq. (22), we imply that the scattering of
these particles is given by the operator (14).

It is quite obvious that the two sets of Eqs (20) and (22) do not overlap: they
cannot correctly represent the trap-detrap processes. To treat them properly, we have
to use the more detailed description of the layer 1 — Ak2 < k2 < 1. The accuracy
of the guiding centre equations is sufficient to provide this:

= vd ( s in 0 + - ^ - sin (IQ - M<j>)) for 1 - Ak2 < k2 < 1
o

30 _ u0o / cos 0 . ei
r \ r r5 '
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u

IT
dX = - cXdt + Vv(l - X2) dW

The minimum layer width can be determined so as to avoid non-physical retrappings.
To make this clear, note that the particles which are to be found between two maxima
of the local magnetic well have k2 < 1, but these cannot be considered locally
trapped. So, Ak2 must be approximately equal to the maximum relative variation of
the ripple depths: Ak2 < a ~ 7r5/eqM.

The 'bounce averaged' region where Eqs (20) are used now reduces to
k2 < 1 - Ak2.

The Monte Carlo method can be described as follows: A monoenergetic
(E = Eo) group of ions is launched on a particular magnetic surface (r = r0) with
random values of 0 , <t>, X. The sets (20), (22) and (23) are integrated numerically
over the time T « \lv. Then the diffusion coefficient is evaluated:

D = 2 i b ^ (r " <r>)2 (24)

n = l

N

4. NUMERICAL RESULTS

In the simulations with the results presented below, we used the following
parameters: Bo = 5 T, e0 = 0.3, R = 10 m, a = 1 m, I = 2, m = 14, r0 = a/2,
Eo = 10 keV, q = 2.

Figure 1 depicts the dimensionless diffusion coefficient Do = D/(0a2) versus
the dimensionless collision frequency v0 = p/(2eO) for the following values of the
electric field: e$ ' = E0/a, e$ ' = -E0/a, e$ ' = 0; fi = E0/ma2. Figure 2 shows
that the radial electric field (regardless of its sign) has a beneficial effect on plasma
confinement. It plays the role of an additional rotational transform.

The diffusion of ions is stronger for e«i>' < 0, because in this case the mean
poloidal precession frequency is lower.

We have not yet assembled many numerical data; nevertheless, it is possible to
present the following conclusions:

First, the diffusion coefficient is found to reach its maximum at the end of the
\lv branch (Do = 4 v7<52 V2/(97r(ro/a)2 v0)), near the v0 = 1 point. There is some
kind of a plateau at the lower collision frequencies: 0.3 < i>0 < 1, which trans-
forms into an almost linear decrease.
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FIG. 1. Dimensionless diffusion coefficient Do versus dimensionless collision frequency v0;
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FIG. 2. Dimensionless diffusion coefficient Do versus dimensionless electric field, the collision

frequency being given by v0 = 0.1.

Second, in the region v0 < 1 the electric field has a crucial effect on the trans-
port: it reduces the diffusion.

Third, the attempts to fit our data by analytic scalings of the Galeev-Sagdeev
regime (D ~ Vc) and by the so-called superbanana-plateau regime [1] have failed.
These had predicted higher values than the numerical ones (by a factor of 2 to 5).

Fourth, the v scaling of Ref. [2] was the best in fitting the simulation.
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Abstract

EQUILIBRIUM OF A PLASMA WITH A STEADY FLOW IN THE STELLARATOR.
The stellarator equilibrium with a steady flow is studied. A set of averaged, axially symmetric

scalar equations is obtained, equations for the shift of magnetic surfaces and surfaces of equal density,
p = const, are derived and the changes in the topology of a given vacuum magnetic configuration are
determined. It is shown that the topology of the p = const surfaces can change while the topology of
the magnetic surfaces does not.

1. INTRODUCTION

Flow effects can become visible, for example, when neutral beams are used for
auxiliary heating. In Ref. [I], the MHD equilibrium with a steady flow of axially
symmetric toroidal plasma was studied; in Ref. [2], an expression for the shift of the
magnetic surfaces, for large aspect ratio, was derived; reference [3] presented an
exact solution to the axisymmetric equilibrium problem with toroidal flow. In
Refs [4, 5], the axisymmetric plasma equilibrium with flow was investigated numeri-
cally, and in Ref. [5] a comparison with the experimental data from PDX was
performed.

Helically symmetric flow equations were derived in Ref. [6]. Toroidal stellara-
tors do not have such a symmetry, but by direct application of the averaging method
to MHD equations and using a set of small parameters, the authors of Refs [7, 8]
obtained a system of averaged axisymmetric equations, which include the terms
obtained from averaging the squares of oscillating quantities. In deriving the aver-
aged equations, we neglect the terms ~ e 2 = (Bst/B0)

2 compared to unity, in cases
where this procedure leads to a simple renormalization of the averaged quantities. In
Ref. [7], we neglect corrections ~ e 2 to the terms describing the inertia in the equa-
tion of motion. This is valid if the velocities are low enough, i.e. v < vpa =
Bp/Vp, where Bp is the averaged poloidal magnetic field. Including the terms pro-
portional to the squares of the oscillating quantities and using the procedure described
in Refs [7, 8], we show that this leads to corrections ~ e 2 and ~e2v2/cs

2 with
respect to unity, where cs = y/yp/p is the sound speed, p the plasma pressure,
and 7 the adiabatic exponent. Hence, the equation of motion [7] can, strictly speak-
ing, be used for v2 s cs

2.
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2. SYSTEM OF SCALAR EQUATIONS

Using the system of axisymmetrical equations [7, 8] and applying virtually the
same procedure as in Ref. [1], we obtain an algebraic equation for p and a partial
differential equation for the averaged poloidal magnetic flux 4>:

-div r 2 (1 - I'2/p)grad $

= H'p + p $ " vsr + B s y r '

+ I"(v-B) - div r 2 grad ^* - A'pV(y-l) (2)

where I, $, g, H, and A are arbitrary functions of \j/, \{/* is the poloidal flux of the
effective magnetic field, and B* is the effective longitudinal magnetic field [7, 8].
The prime denotes differentiation with respect to \p. The expressions for the current
density J, the magnetic field B, the electric field E, and the pressure p have the fol-
lowing form:

f = [ - rd iv r 2 V (^ - $*)] es + [VF x es]/r

F = ( r 2 $ T + g)/D, D = 1 - I ' 2p- ' (1 + Bs*/B0)

B = Fr"'(l + Bs*/B0)es + [V^ X es]/r (3)

pv*= p[r$ + 1 ' g r - y (1 + B^Bo^D-'e; + [VI X es]/r

p = p7A, E = -

For the sake of defmiteness, we use the quasi-toroidal system of co-ordinates
Pi, <p, s, in which the square of an arc element can be written as (dQ2 = (dp^2

+ (fiid<fi)2 + (rds)2, r = RQ(1 + Kp^os^), K = R^1 is the curvature of the geo-
metrical axis of the torus. For y = 1, we must replace the last term on the right hand
side of Eq. (1) by A In p and, in Eq. (2), by - A ' [ l n p - l ] p . For ^*, B* — 0,
Eqs (1) to (3) go over into the tokamak equations derived in Ref. [1]. In our case,
\p* and B* are given two-dimensional functions of pj and >p. The type of Eq. (2) is
determined by the value of the Mach number, i.e. by the ratio of rotation velocity
to sound speed. For low Mach numbers, the equation is elliptic; moreover, for the
case of pure toroidal rotation with v = vses, the equation always remains elliptic
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for arbitrarily increasing Mach numbers. In the case of poloidal rotation, the system
undergoes a transition between the elliptic and the hyperbolic regime at a sufficiently
small Mach number:

(vp/cs)
2 = (Bp/Bs)

2 (1 + 0(0, BSVBO))

where O(...) designates small corrections of the order of jS, B*/Bo, etc.

3. A PROBLEM THAT CAN BE SOLVED ANALYTICALLY

Let v = vses. In this case, p can be found directly from Eq. (1). Choosing
free functions in the same way as in Ref. [3]:

f — ' -l
$'2/H « const, g2 ' « const, H1"' A Y"' « const (4)

we obtain the result that the right hand side of Eq. (2) is a function of p, and <p only
and can be solved analytically for arbitrary toroidality. Here, for simplicity, we res-
trict ourselves to the case of large aspect ratio and also limit our considerations to
the case of B */B0 < 1, which seems to be optimum for reaching a maximum value
of the parameter /3 = 2p/B2. For the sake of definiteness, we shall later on assume
that the plasma is bounded by an ideally conducting shell with a major radius RQ and
a minor radius p0. Let ^* = <A*(x), x = p\lpQ. In this case,

(Vo
',* = Bo I pi'dp

Jp

where t* is the rotational transform produced by the helical windings, t* is
represented in the form i ' = E Ck x2k"2, Ck > 0. In this case, the solution to
Eq. (2) has the form: k=I

$ = Xx(l - x2)cos <p + t'(l - x2)/2 + #*(x) (5)

with

X = W 8 L Po, 3 = 00 + 7M/2), 0 = 2p(x = 0)/B0
2

M = (vs/cs)2

x=0
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Here, tJ is the rotational transform due to the Ohmic current. In the case of vanish-
ing flows, i.e. for M = 0, Eq. (5) goes over into the equation that was studied in
Ref. [9]. Let us briefly enumerate the properties of the solution to Eq. (5): If
i1 > 0, $ ceases to be a non-negative function at a certain value of /3 = |8cr. When
Cj 2 i6 0, Ck>2 = 0 for ^ > 0, the system of magnetic surfaces has a single axis.
When C3 ^ 0 (this case is typical for stellarators with high shear), the number of
magnetic axes can vary, depending on the value of the parameter fi. For low /3 values,
the configuration with a single axis is realized, while, for rising $ value, a configura-
tion with three axes appears: two elliptic and one hyperbolic axis. Let us note that,
when conditions (4) are fulfilled and A ~ i£a (a < 1, which follows from the con-
dition p(x = 1) = 0 ) , the p = const surfaces can also have a three-axes configura-
tion, but only if C3 ^ 0. We see from Eq. (5) that a plasma flow may have a
pronounced effect on the magnetic configuration at M ~ 1.

4. EQUATION FOR DISPLACEMENT OF MAGNETIC SURFACES |

Here, we restrict ourselves to the case of subsonic flows because the transition
to the supersonic regime may change the topology of the magnetic surfaces. After
some straightforward algebra, we obtain an equation for £(a), where a is the averaged
radius of the magnetic surface:

G'

Roa + * 2 [ t t*aV) ' /a] ' - R51 a3t2(l - t*/t) (6)

where £* is the shift of the magnetic surfaces in vacuum, G = Roa^v2 + v2)pv2/
(1 - VpBo/cs

2Bp) = R^pVp/Bo, Vj. is the component of the plasma velocity per-
pendicular to the magnetic field B,and p is the variation of the density on the mag-
netic surface. Let us consider the case of pure toroidal rotation, i.e. v = vses. We
see from Eq. (6) that decreasing profiles of pvs

2 lead to an enhanced plasma shift.
Non-monotonic profiles of pv2 may lead to a decrease in the plasma shift, and, for
{2p + pv 2}' = 0, the displacement can be set identically equal to zero.

We might assume that the presence of a poloidal velocity vp near the boundary
of transition to the supersonic regime results in a substantial increase in £. Actually,
G — 00 for (vp/cs)

2 — (Bp/B0)
2. Note, however, that Eq. (6) was derived under the

condition p/p(a) < 1. So, while Eq. (6) is valid, G' and the terms ~v2 appear to
be equal by order of magnitude; they give rise to small corrections to the value of £.
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5. DENSITY PROFILE ASYMMETRY

For simplicity, we shall below consider the case of small density variation on
the magnetic surface. First, we study the case of pure toroidal rotation, i.e.
v = vses; we easily find, from Eq. (1), the following expression for p:

p = p(a) [1 + (avs
2) (Roc,2)-1 cos <f>]

where p(a) is the density averaged over the magnetic surface. Hence, in this case,
the shift of the p = const surfaces is in all cases aligned with an outward major radius
increase due to the magnetic surfaces.

If I ' ^ 0, the shift of the magnetic surfaces may not only be determined by
toroidal effects, but also by the type of confining magnetic fields, i.e. by the depen-
dence of the longitudinal effective magnetic field on the poloidal angle. Here, we
consider two cases:

d a
(A) B*/Bo e2 <t e2, which is the ordinary case, and

op R

(B) -4- r-2d + B,7Bo) « 0
dip

The latter condition is dealt with in Ref. [10] if we try to compensate for the displace-
ment of the magnetic surfaces in the absence of a steady flow. Then, we have:

= p(a) 1 + -—- -£—— — - 1 - — l - j - ^ cos ^ (7)

where ' + ' corresponds to case (A) and ' - ' to case (B). Hence, in case (A) the shift
of the p = const surfaces is always positive while in case (B) the shift of equal density
surfaces due to the magnetic surfaces may be negative, and for the case of v2 = v^
the shift is equal to zero.

Let us present here the simplest example where for the case of toroidal rotation
the topology of the p = const surfaces can change while the topology of the magnetic
surfaces remains the same. We assume that p has the form p(a) = const for a/p0 ^
1 - e0 and decreases to zero for 1 - e0 ^ a/p0 < 1, e0 — 0 and, for example, let
(vs/cs)

2 have the form (vs/cs)
2 ~ (1 - a2/po). Then, we easily see from Eq. (1) that

a structure with three axes — two elliptic and one hyperbolic, similar to the case
investigated in Ref. [9] — forms for arbitrarily small vs/cs. Thus we have shown
that the topological structure of the p = const surfaces observed at the ASDEX toka-
mak [11] can easily be obtained within the framework of the ideal MHD equations;
this structure seems to be typical for sufficiently smooth profiles of p and peaked pro-
files of vJc,.
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6. CONCLUSIONS

In this paper, we have derived a simplified system of scalar MHD equations,
which are used to study the equilibrium with a steady flow in a stellarator. Since the
averaging procedure eliminates the dependence of the equilibrium quantities on the
longitudinal co-ordinate, the equations take a form which is similar to that of the
equations used for axisymmetric systems (tokamaks) for which analytical and numer-
ical methods of solution have been developed extensively.

It is shown that in most of the cases the shift of the p = const surfaces is aligned
with an outward major radius increase due to the magnetic surfaces. A special case
of confining magnetic fields is discussed where the shift of the p = const surfaces
due to magnetic surfaces can become negative.

The changes in the topology of a given magnetic configuration due to increasing
plasma pressure and plasma flow velocity are determined.

The simplest example is presented, valid for both tokamak and stellarator,
where the topology of the surfaces of equal density changes in the presence of a
plasma flow while the topology of the magnetic surfaces remains the same.
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Abstract

MHD AND TRANSPORT STUDY OF THE 1 = 2 HELIOTRON/TORSATRON.
Particle orbit, MHD and transport calculations are carried out for optimization of the next large

scale helical system. The compatibility of high beta and good confinement in the I = 2 and low M
heliorron/torsatron is studied. Combined studies of MHD and particle orbit calculations predict that,
when the plasma is shifted inward, a (3-value higher than 5% and good confinement can be obtained
simultaneously. The breaking of magnetic surfaces due to the finite /3 effect in an f = 2 heliotron/torsa-
tron configuration is studied by using a newly developed three dimensional equilibrium code. Breaking
can be suppressed by a larger aspect ratio configuration, pressure profile control, shaping of magnetic
surfaces and pitch modulation of helical coils.

INTRODUCTION

Substantial progress in plasma parameters, physical understanding and concept
improvement has been made during the past few years in Heliotron E [1] and
Wendelstein VII-A [2] experiments and also in ATF design [3]. These results are
encouraging for the design of the next step large scale helical system (LHS), for
which an I = 2 heliotron/torsatron configuration is chosen [4]. This configuration

1 Present address: Planning Office for the New Institute for Fusion Plasma Science, Nagoya
University, Nagoya 464-01, Japan.

2 Science Project Corporation, Asakita, Hiroshima 730, Japan.
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can make effective use of the experimental database of Heliotron E and has the advan-
tage of possible use of the divertor configuration without additional coil systems. In
the following this configuration is studied with respect to the physical aspects of
equilibrium magnetic surfaces, MHD, particle orbit loss and transport.

PART A. STUDY OF COMPATIBILITY BETWEEN (8-LIMIT AND IMPROVED
TRANSPORT IN AN 2 = 2 HELIOTRON/TORSATRON (J. Todoroki,
T. Hayashi, T. Kamimura, H. Sanuki, K. Hanatani, Y. Nakamura, M. Wakatani,
T. Amano, A. Iiyoshi)

For the next step LHS, configurations with small pitch yc 3 (M/Q(a<;/R), low
eh and even period number M are considered from the point of view of the improve-
ment of neoclassical transport, clearance between plasma and wall and flexibility of
a helical axis configuration.

The goal of the optimization is to find the configuration with an average /3-value
larger than 5% without deteriorating high energy particle confinement. The lower M
configuration has a smaller aspect ratio and an easy to achieve high jS-limit.
However, the particle confinement degrades in lower M systems because of the lack
of helical symmetry. The purpose of this work is to find a possible way to resolve
this contradiction.

In the study of MHD equilibrium and stability properties of these configurations
the computer codes H-APOLLO and H-ERATO, based on the stellarator approxima-
tion (averaging method) [5], are used. Currentless equilibrium with the pressure pro-
file p oc (1 - ^)2 is considered, where î  is the normalized poloidal flux.

The inward shift of the plasma improves the equilibrium /3-limit because of the
increase of i and the decrease of axis shift (in vacuum), and the stability /3-limit also
increases until the sudden loss of stability with respect to the interchange mode due
to the loss of the magnetic well. For the M = 10, yc = 1.20, R = 4 m configura-
tion, a stability /3-limit of =5% is achieved when the plasma is shifted about 15 cm
inward (Fig. l(a)); this corresponds to a 10 cm inward shift of the magnetic axis at
/? = 0. If the plasma inward shift is less than this value, the /3-limit is restricted by
equilibrium. For the M = 14, yc = 1.29 configuration, a /3-limit of 4% is
obtained; this value is less than the equilibrium limit (Fig. l(b)). When the plasma
is moved outward, the j3-limit is restricted by the ballooning mode type instability.

The improvement of plasma stability caused by the quadrupole and hexapole
magnetic fields is also studied.

Drift orbit calculations have been carried out by using both real co-ordinates and
magnetic co-ordinates both for vacuum magnetic field and for a more realistic field
in finite )3 plasma combined with MHD calculations. The drift surfaces of passing
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3.8

Rp (m)

FIG. 1. Equilibrium fi-limit $cq (broken line) and stability fi-limit /?„ (solid line) versus plasma posi-
tion (a) for the M = 10, yc = 1.20, R = 4 m case, (b) for the M = 14, yc = 1.25, R = 5 m case.

particles can be controlled by the magnetic surface, while the position of the drift sur-
faces for locally trapped particles is controlled by the mod-B structure. Good confine-
ment is realized by adjusting these two structures. The magnetic surface can be
moved by the vertical field, and the mod-B structure by pitch modulation. A diagram
of loss particles for different positions of the magnetic axis is shown in Fig. 2(a) for
the case of an M = 10 configuration. The particles are assumed to be lost when they
leave the outermost magnetic surface. The change of particle loss rate, evaluated as
the ratio of the lost particle number to the total number in the outermost magnetic
surface in pitch angle and major radius space, versus the shift of the magnetic axis
is shown in Fig. 2(b) for M = 10 and M = 14. The particle loss rate can be reduced
effectively by the inward shift of the magnetic axis. This result is consistent with the
MHD one.

Transport calculations including the radial electric field predict that rE =
0.1-0.3 s is obtainable in the high nrT regime with n(0) = 1014 cm"3, T: =
3-4 keV, B = 4 T and Pabs = 20 MW. In the low density regime, n =
(1-3) x 1013 cm"3, when the positive electric field, or the electron root, is
obtained, TiCO) ;£ 10 keV is possible.

In summary, the compatibility between the /S-limit and improved transport in
low M configurations has been verified by combined studies of MHD, particle orbit
and transport calculations. Consideration of the breaking of magnetic surfaces in a
high (5 plasma in a low aspect ratio configuration is important.
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FIG. 2. (a) Panicle loss diagram in the pitch angle and major radius plane, in the toroidal angle 18"
for theM = 10 configuration. The position of the magnetic axis is shown by the daggers, and the outer-
most magnetic surface by triangles. P: passing particles, LT: locally trapped particles, QT: quasi-
trapped particles, (b) Particle loss rate versus position of magnetic axis. The squares show the M = 10,
yc = 1.20, R = 4m case and the circles the M = 14, yc = 1.25, R = 5 m case.
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PART B. BREAKING OF MAGNETIC SURFACES DUE TO THE FINITE j8
EFFECT IN A HELICAL SYSTEM (T. Hayashi, K, Suzuki, T. Sato)

It is known that a non-axisymmetric toroidal finite /3 equilibrium does not neces-
sarily have clear nested magnetic surfaces [6]. In the present study we analyse quan-
titatively the breaking of magnetic surfaces due to the finite /3 effect in a toroidal
1 = 2 heliotron/torsatron configuration with a low aspect ratio. For this purpose we
have developed a three dimensional MHD computer code which obtains a currentless
helical equilibrium by a relaxation method [7].

In Fig. 3(a), magnetic surfaces of an M = 10, YC = 1.3 configuration (plasma
aspect ratio Ap = 6.7) for 0 = 1.3% (|8max = 3.4%) are shown. Clear nested mag-
netic surfaces are completely maintained at this low j3 equilibrium, although the posi-
tion of the magnetic axis has already shifted significantly from that for the vacuum
field. However, as /S is increased up to 2.4%, as is shown in Fig. 3(b), magnetic
islands appear on the plasma boundary. The resonant condition of the island can be
written as i = kM/m, where M is the pitch period number, m is the poloidal mode
number, and k is any integer. In order to identify the mode number of each island,
the corresponding resonant position (for k = 1) in the i profile is also plotted in
Fig. 3(b). When |3 is further increased, the width of the island increases. Incidentally,
as is shown in Fig. 3(c) for J3 = 3.0%, ergodization of magnetic surfaces is induced
by the overlapping of islands. Because the pressure profile is flat and low in the ergo-
dized region, the confinement efficiency becomes poorer as the ergodized region
develops.

The pressure profile is important in determining the degree of the ergodization.
Generally speaking, the ergodization is significantly accelerated when a broader pres-
sure profile is given.

The simple way to remedy magnetic surface breaking is to reduce symmetry
breaking by increasing the aspect ratio Ap. When Ap is increased by an increase of
M (specifically we study a configuration of M = 14, yc = 1.35 and Ap = 8.3), no
significant ergodic region appears for J3 = 3.2%. This tendency is naturally expected
from the fact that clear nested magnetic surfaces always exist in the limit of a high
aspect ratio, namely, a straight helical equilibrium.

Two other practical methods reduce the ergodization.
One way is to shift the magnetic axis inward by increasing Bv, which remarka-

bly reduces Pfirsch-Schluter current and thus reduces the shift of the magnetic axis
in a finite /3 equilibrium. The breaking of boundary magnetic surfaces is suppressed
up to J3 = 5.0%, when the inward shift at /3 = 0 is as large as ap/3.This does not
agree with the analysis by Cary et al. [8], which indicates a favourable suppression
of islands in a magnetic well.

Another way to reduce ergodization is to make use of a positively modulated
helical coil, for which the triangularity of the magnetic surface is reduced and the
I = 2 component becomes predominant. The ergodic region observed in Fig. 3(c)
disappears for the modulation parameter a •= 0.2, where a is defined by

= 0 + a sin 0.
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FIG. 3. Magnetic surfaces ofM = 10, yc = 1.3 (a) for (3 = 1.3%, (b)for 0
identified with the corresponding resonant position), and (c) for (3 —3.0%.

2.4% (each island is

These two results indicate the possibility of reducing the ergodic region by shap-
ing control through the use of external Bv , BQ and BH fields, by making use of the
ergodicity reduction technique proposed for a vacuum field [9].

In summary, the breaking of magnetic surfaces induced by the finite @ effect
is significant in a low aspect ratio heliotron/torsatron configuration. However, we
can find several methods of remedying this, such as a larger aspect ratio, shaping of
magnetic surfaces, modulation of the helical coil, and/or pressure profile control.
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Abstract

CONFINEMENT STUDIES OF LASER PRODUCED PLASMAS IN A MODULE-TYPE I = 2,
m = 12 TORSATRON/HELIOTRON DEVICE, SHATLET-M.

A small modular coil helical machine of the torsatron/heliotron type (I = 2, m = 12, with pitch
modulation), SHATLET-M, has been filled with plasma produced by the irradiation of an intense pulsed
CO2 laser beam on a tiny free falling deuterium pellet near the magnetic axis. The machine has a major
coil radius of 42 cm, a minor coil radius of 9.6 cm, a minor plasma radius of about 5 cm, and a maxi-
mum toroidal field of 1.5 kG on the magnetic axis. Its rotational transform in vacuum increases radially
from a central value of 0.3-0.7 to an edge value of 0.5-0.9. Its spatial profile can be varied by changing
the ratio of the modular coil current to the vertical field coil current. The plasma parameters measured,
i.e. the line integrated density, the spatially averaged beta value (ratio of plasma to magnetic pressure),
and their decay constants, depend strongly on the rotational transform. Operations with a central rota-
tional transform slightly above 0.5 in vacuum have been observed to exhibit optimum plasma confine-
ment. The size of the deuterium pellets is, in typical cases, 0.2 mm in diameter and 1 mm in length.
The pellets are irradiated by a CO2 laser pulse with a total energy of about 300 J and a pulse width of
1/ts. Within 10 /is, a toroidal plasma is rapidly formed that has a small initial toroidal plasma current
with a peak value of less than 150 A. This initial toroidal current is rapidly damped in about 20 us,
leaving a net current free toroidal plasma for another 200 to 400 jts. Diamagnetic loop measurement
shows that the initial peak value of the spatially averaged beta ranges from 3 to 5%, where the average
density is about 1 x 1013 cm"3 and the ion temperature is about 100 eV, corresponding to a thermal

1 Present address: Hitachi Research Laboratory, Hitachi Ltd., Kokubu-chou, Hitachi-shi 316,
Japan.

2 Department of Electrical Engineering, Science University of Tokyo, Higashi-kameyama,
Noda-shi 278, Japan.
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energy of about 3 to 5 J. Experiments with various rotational transforms in vacuum have been per-
formed to investigate the dependence of the confinement properties of the plasma on the rotational trans-
form. Plasma confinement has been found to be very poor with a central rotational transform in vacuum
of less than 0.4 and to be relatively poor with a central rotational transform in vacuum close to 2/3.

1. EXPERIMENTAL ARRANGEMENT

Plasma has been produced by lasers in stellarators so that the confinement
properties of net current free plasmas in low beta regions could be studied [1, 2]. We
have been motivated by the ATF [3] and the LHS1 [4] projects to use laser plasma
production to study, in advance, the possibility of high beta plasma confinement by
a torsatron configuration similar to those of ATF and LHS; another reason is the
reactor relevant question of whether helical coils of the torsatron type can be replaced
by modular coils.

The specification of our machine and its magnetic configuration are reported in
Ref. [5]. Each modular coil has an identical configuration with a one turn copper
winding. Separate capacitor banks are used to supply the currents (with a decay con-
stant of about 22 ms) to the modular coils and to the vertical field coils. This separa-
tion permits the ratio of these two currents (Rj) to be changed, enabling us to control
the spatial profile of the rotational transforms of the field (Fig. 1). A calculation
shows the existence of a shallow well about 1 % like that of ATF.

A deuterium pellet producer similar to that described in Ref. [6] is installed at
a vertical position 50 cm above the magnetic axis. The pellets have a diameter of
0.1-0.3 mm and a length exceeding 0.6 mm. The size of the pellets is monitored by
a TV camera. The plasma production is temporally adjusted to the time when the
eddy currents in the vessel wall are transiently damped. The impingement rate of the
CO2 laser on the deuterium pellets depends strongly on the focal size of the laser
beam and reaches almost 100% when the focal size is more than about three times
the average pellet size. Since, however, the large focal size substantially degrades the
parameters of the plasma produced, a focal size comparable to the pellet size has been
preferred. This reduces the hit rate to 10-30%. More than 250 successful shots have
so far been available for data analysis.

2. EXPERIMENTAL RESULTS

Figure 2 shows examples for the time evolution of the spatially averaged beta
values measured by a diamagnetic loop and the net toroidal plasma current Ip meas-
ured by a Rogowsky coil for different successful shots under the same conditions for

LHS stands for the large helical project planned in Japan.
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1. 0 -

0. 5 -

FIG. 1. Radial profile of rotational transform in SHATLET-M as a function of current ratio
Ri(= modular coil current/vertical field coil current). Symbols O are experimental values [5] for
Rj = 12 and 14.

5.0

2 . 5 -
ICQ.

50 100
t [ j js ]

FIG. 2. Time histories of spatially averaged beta values for three different shots under the same pellet-
laser conditions and an example for a net toroidal current in the plasma. The laser is fired at t = 20 us.
Ip > 0 is parallel to the vertical field coil current.

current ratio Rj, C02 laser power and pellet size. The magnetic field B, on the mag-
netic axis is 1.5 kg. The current ratio Rj of the modular coil to the outer vertical
field coil is 14, which is the optimum value as will be explained later. In these cases,
the pellet has a length of 1 mm and a diameter of 0.2 mm, containing about
5 x 1017 deuterium atoms. The time history of the toroidal plasma current consists
of two stages: the initial peaking stage and the subsequent, gradually decaying stage.
The initial stage has, by chance, either positive or negative direction. However, a
majority of shots have shown a positive direction opposite to that given in Fig. 2. The
subsequent stage always has positive direction. This positive direction is considered
to be incorporated in the initial, toroidally expanding ions whose flow is antiparallel
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400

FIG. 3. Time histories of line averaged densities for four different shots. Solid curves are under the
same pellet-laser conditions; the dotted curve refers to a larger pellet.

400

FIG. 4. Decay time constants of line averaged density as functions of the current rations Rt under the
same pellet-laser conditions.

to the incident direction of the CO2 laser beam. All successful shots show a negligi-
bly small toroidal current beyond 20 /is after plasma production. The beta value
increases rapidly during the initial stage and reaches its maximum value 10 to 20 /is
after the initial toroidal current peaks. The decay curve of the beta values has a decay
constant less than 100 jis and is always gradual, showing no symptom of any kind
of instability. The reproducibility of the time evolution of various plasma parameters
is rather poor for different shots.

The beta curve, which shows a very poor beta value, may be due to off-centre
impingement. The other two curves, although their time histories are different, hap-
pen to have similar peak values of about 3.7%. Some shots, which are not shown
here, have displayed peak beta values of more than 4 %, but no one has exceeded 6 %.
These values are comparable to, but less than, the predicted beta limit of the
optimized operations of ATF (8%) and LHS (5%). Preliminary results on the energy
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spectrum measurements of ions leaking out of the plasma confirm the production of
high temperature initial plasma of about 100 eV. We have not yet finished our theo-
retical analysis of the beta limit of SHATLET-M.

Figure 3 shows the time histories of the line averaged density calculated from
the line integrated density measured by a microwave interferometer. The figure dis-
plays four successful shots under the same conditions as in Fig. 2. We have not found
any specific temporal correlation between the peakings of the density and the beta
value. The decay constant of the density is about three to ten times longer than that
of the beta value. The dotted curve in Fig. 3 corresponds to a shot with an exception-
ally, i.e. 2 mm long pellet. The behaviour of this curve can be explained as follows:
the laser power is not sufficient to burn out such a long pellet that the remainder may
work as a gas source causing a temporary density increase during the confinement
period. In these conditions, the beta value peaks earlier than the density by less
than 1% and decays rapidly before density peaking.

Figure 4 shows the decay time constants of the line averaged density as a func-
tion of the current ratio R,. The optimum point lies between 11 S Rj 5 15, in
particular around 14. The good confinement arount R; = 14 is more pronounced for
the beta characteristics. We see from Fig. 1 that this range of R{ corresponds to
vacuum rotational transform profiles whose central values are slightly larger than 0.4
and lower than 0.6. In particular, at R, = 17, the decay constant is relatively small.
This seems to result from the presence of a low order (2/3) rotational surface at the
plasma centre. The dependence of the plasma parameters on the rotational transform
profile is not, however, so clearly interpreted in terms of the presence of the low
order rational surfaces as has been done in the W-VII Torsa experiments [7]. This
is because the high beta states in our experiments have different rotational transform
profiles; specifically, they are shifted by 20 to 30% upwards, with respect to those
in vacuum (Fig. 1).

The poor plasma confinement, shown in Fig. 4 with R; less than 9, is consis-
tent with the experimental results obtained by Saito et al. [8]. These authors have
reported that a small rotational transform of less than —0.4 imparts to laser produced
plasmas a large toroidal drift which does not permit them to fill a toroidal bottle as
far as single-site laser production is applied.

It is to be noted that, in our experiments, the energy efficiency (from laser
energy to plasma thermal energy) has been quite low (less than a few per cent).
Whether this is due to a beta limit effect or an initial plasma loss effect across the
magnetic field is being studied at the moment.
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Abstract

PLASMA STABILIZATION AND DIFFUSION IN TRAPS WITH SPATIAL AXES AND WITH
CIRCULAR MAGNETIC SURFACES.

Low pressure plasma stabilization and diffusion in traps with spatial axes are considered. The
stabilization is based on magnetic axis displacement from the centre of curvature of the magnetic axis
in toroidal or helical parts of the system. Such displacement produces a magnetic well in the trap and
provides stabilization of a low pressure plasma. Magnetic axis displacement is produced in the part of
the magnetic system which includes an inhomogeneous field and a transverse field with second and third
harmonics. Calculations of conditions for obtaining a magnetic well are made for the Drakon trap. In
the second part of the paper plasma diffusion in the Drakon trap is considered. It is shown that the diffu-
sion coefficient in a hydrodynamic regime is close to the classical one determined by the magnetic field
of a straight section. In the regime of rare collisions the diffusion coefficient has a strong dependence
on the radial electric field and on the mirror ratio in the CRELs (curvilinear equilibrium elements). In
the intermediate range of collision frequencies the diffusion coefficient is lower by about an order of
magnitude than that in stellarators with equal aspect ratios in the tori and in the magnetic fields.

1. PLASMA STABILIZATION

1.1. Introduction

Magnetic traps with spatial magnetic axes, a homogeneous (along the axis) mag-
netic field and circular magnetic surfaces have a magnetic hill, and therefore they are
unstable with respect to convective perturbations. This is connected with the fact that
the magnetic axis in toroidal or helical parts of the magnetic system has a local
vacuum displacement towards the centre of axis curvature [1]. This results in an
increase in the volume with reduced magnetic field in the system, i.e. in the creation
of a magnetic hill. The known technique for production of a magnetic well in such
traps is based on a triangular-elliptical deformation of magnetic surfaces [1].

651
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However, such a deformation results in a reduction in the size of the separatrix and
consequently in plasma pressure decay. Moreover, the magnetic system is compli-
cated, since it cannot be constructed with simple circular magnetic coils. A technique
for magnetic well production within circular magnetic surface cross-sections which
allows the use of ordinary coils for production of a magnetic configuration was con-
sidered in Refs [2-4]. The technique is based on magnetic axis displacement in the
direction opposite to the direction of the magnetic axis in a vacuum in toroidal or heli-
cal parts of the configuration. In this case a magnetic well is produced in these parts,
thus providing stabilization of a low pressure plasma. Such displacement is produced
by the S-stabilizer [2-4], i.e. by an inhomogeneous magnetic field. The possibility
of producing the displacement by applying an additional transverse field with second
and third harmonics is considered in this paper. Such a multipolar stabilizer
(M-stabilizer), as calculations show, provides better stabilization conditions than the
S-stabilizer. The stabilization condition is also improved when a stabilizer with a
straight magnetic axis is used (SM stabilizer).

1.2. Physical basis

The SM stabilizer has three sections of magnetic field (I, II and III in Fig. 1).
Section I includes a homogeneous (along its length) transverse field of the third har-
monic, characterized by the parameter Q. Let magnetic field lines be located around
the circumference with the centre coinciding with the magnetic axis. Let us assume
that these field lines form a magnetic surface with a circular cross-section. This mag-
netic surface is converted into a triangular one by the transverse fields in Section I.
The magnetic axis is not shifted under such deformation; however, the vertex of the
'triangle' and its 'base' are located at different distances from the magnetic axis.
Section II includes an inhomogeneous (along its length) field and a quadrupole field.
The quadrupole field produces an elliptical deformation of magnetic surfaces charac-
terized by the parameter e. At the end of this section the magnetic surface once more
acquires a triangular shape. In the homogeneous longitudinal field of Section II
the geometrical centre of the triangular surface at the Section II 'outlet' coincides
with the magnetic axis. This is related with the fact that magnetic field lines at the
'inlet' of Section II, due to quadrupole field periodicity, and at its outlet (points A
and Aj, B and B1 in Fig. 1) are at the same distance from the magnetic axis. In the
case of an inhomogeneous longitudinal field, if the radial component maximum in
the quadrupole field at the Section II inlet coincides with the longitudinal field mini-
mum, the initial radial displacement will not be compensated by the quadrupole field
of opposite sign at the second half-period of the field in this section (see points A
and A2, B and B2 in Fig. 1). In this case, a radial displacement of the geometrical
centre of the magnetic surfaces at the outlet with respect to those at the inlet is
produced. A transverse field of the third harmonic which converts the triangular sur-
face once more into a circular one, but displaced by 6 with respect to the magnetic
axis (Fig. 1), is produced in Section HI. Such a displacement is retained in the cur-
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B0(s)

III

FIG. 1. SM stabilizer: Sections I and III have hexapole fields, Section II has a quadrupole field. Distri-
bution of parameters along the magnetic axis: (I) triangularity of magnetic surfaces (Q(s) parameter);
(2) ellipticity of magnetic surfaces, e(s); (3) longitudinal magnetic field; (4) normal cross-sections of
magnetic surfaces in various stabilizing sections; (5) distribution of magnetic field lines in the stabilizer.
Broken lines correspond to a homogeneous (along the axis) magnetic field, solid lines to an inhomogene-
ous magnetic field.

vilinear parts of the magnetic configuration, adjacent to the stabilizer. Section II
includes N periods of magnetic field. In this case, the displacement, 6, rises in
proportion to the number of periods.

Thus, the SM stabilizer discussed solves the problem of the conversion of a tri-
angular magnetic surface into a circular surface with the magnetic axis displaced with
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FIG. 2. The TT Drakon trap: I: rectilinear sections with a mirror field, 2: right angular toroidal
elements, 3: semitori, 4: stabilizers.

respect to the geometrical axis. At a rather large displacement a magnetic well is
produced in the closed trap.

1.3. Magnetic well

We shall make the calculation of a magnetic well in the Drakon trap, the CREL
(curvilinear equilibrium element) of which includes two semitori and two right angu-
lar toroidal sections [4] (see Fig. 2). The stabilizer is located at the CREL centre
between two semitori. To provide the CREL properties the toroidal planes of the cen-
tral semitori are turned by an angle 2c*i — \2>7°.
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The magnetic well in traps with spatial axes, for the case when the principal nor-
mal to the magnetic axis has the same direction as the axis of the elliptical cross-
section of the magnetic surfaces, is determined by the relation [1]:

dV f ds 0 f ds

d<j> y B0

K2 ,
4 Bg

Bo (1 + e)

Here dV7d<£ is the specific volume of the magnetic field, <£ is the longitudinal flux,
K is the curvature of the magnetic axis, Bo is the field at the axis, e is the ellipticity
of the magnetic surfaces, s is the co-ordinate measured along the magnetic axis,
tanh r) = e, a(s) = j zeds, K is the torsion of the magnetic axis,

K x, 2 rt Ke x3

a is the average radius of a magnetic surface, Q is the parameter characterizing the
triangularity of the magnetic surfaces; x / a , x3/a are parameters determined by the
integral characteristics of magnetic surfaces related with B0(s), K(s), K(S), e(s), Q(s)
and inhomogeneous with respect to s. Prime indicates a derivative with respect to s.

Let us find the condition for the presence of a magnetic well in the toroidal-
toroidal (TT) Drakon trap [4] (Fig. 2). The stabilizer includes 2N sections of a quad-
rupole field (Section II, Fig. 1). In Section II, e(s), K(s) and B0(s) are preset in the
form:

TTS „ , . T , . ITS
6 = em sin , K(s) = Km sin

B0(s) = Boo i^T1- ~ ^-^~ cos — ) (2)
V 2 2 sn /

Q(s) is a smooth function of s (Q = 0 at the external boundaries of Sections I
and III). Taking account of the TT Drakon symmetry one finds the following condi-
tion for obtaining a magnetic well:

3KT „ , l _ 2

NK m V Kr
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15
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3

N

1.498

FIG. 3. Dependence of toroidal CREL length on N (2N is the number of sections with quadrupole fields

in the middle of the stabilizer — see Fig. 1). 1: S-stabilizer, tm = 0; 2: em = —0.4, Qm/Km = 1.25;

3: em = -0.4, Qm/Km = 2.0.

X I sin a, (1 + cos a,) I -
7T2

1,1 - -
4 Kmsn

(3)

Here KT = 1/RT is the axis curvature in the toroidal sections, Qm is the maximal
value of Q, and 1(11), 1,(11), I2(II) have the form:

I. =

I2 =
- i)2 (n +

16
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K, E are the elliptic integrals, r2 = 1 - l/II. Taking (3) into account one finds the
total CREL length, <£, corresponding to a zero magnetic well:

= N + ^ (4)

4»N(YI - 2^Qm \ I2 sin2 «,(1 + cos a,)2 - -jp- hh]
2LS

Here Ls = 2sN. The results of calculation for the function £/2Ls are given in
Fig. 3, with II = 1.498. From the figure it follows that the total CREL length
is substantially reduced with a rise in the parameter (-emQm/Km). When
(—emQJK^) = 0.8, the CREL length decreases by more than two orders of magni-
tude in comparison with the case of the S-stabilizer (em = Qm = 0). Moreover, a
lower number of field periods is required for the M-stabilizer. The M-stabilizer based
on the principle discussed above — magnetic axis displacement — can also be used
for the production of a magnetic well in other systems with spatial axes (figure of
eight configurations, helical tori, helical type systems, etc.).

2. DIFFUSIVE PLASMA LOSSES IN THE DRAKON CLOSED
MAGNETIC TRAP

2.1. Introduction

The Drakon [2-4] includes two parallel, axially symmetric mirrors closed with
similar, relatively short curvilinear elements. The shape of the curvilinear equilib-
rium elements — CRELs — can be chosen such that the dipole component of the lon-
gitudinal current in the plasma does not escape through the mirrors and so does not
degrade the plasma confinement conditions in this region. The no-outflow condition
for longitudinal dipole currents is expressed by the following integral equation:

KB"3'2 eia ds = 0 (5)
-in

where K, K are the curvature and torsion of the magnetic axis in the system, B is the
magnetic field at the axis, a = j «ds is the rotational transform, s is the longitudinal
co-ordinate and ±1/2 are CREL ends.

As shown in Refs [2, 4, 5], the Mercier plasma stability can be provided in the
spatial magnetic trap with circular magnetic surfaces and with rippled longitudinal
field if

J +ta r i i

(K/B)2 + 3(B'/2B)2 - - B'(q iq,' + q ^ ds < 0

(6)
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where

J s
KB-3/2 gia d s > ( y = ^

-02

The stability condition is reached at a not too high amplitude of longitudinal magnetic
field ripple II = Bmax/Bmin « 2-4. If the field maximum is at the CREL centre, the
greater part of the plasma will be located in mirrors and its pressure can be increased
up to j8 = 15-20% by varying the trap shape while still satisfying the stability
condition.

The plasma diffusion and heat conduction mechanism in.a spatial trap essen-
tially depends on the plasma collisionality level, as shown below.

2.2. Hydrodynamic regime

In the case of the hydrodynamic regime^ where the mean free path, X, is shorter
than the trap length, the particle and energy transport is determined by the dissipation
of plasma currents

(7)

Since the longitudinal plasma currents in Drakon are localized in short CRELs, one
can expect that the effective diffusion coefficient in the limiting case of very long,
straight trap elements tends to be the classical one calculated with the magnetic field
strength in mirrors. The calculations show that the effective diffusion and heat con-
duction coefficients in the hydrodynamic regime are about equal to the classical ones,
when the stability condition is satisfied, owing to a rise in the field strengths in the
CRELs, and have an extremely weak dependence on the ratio of a curvilinear (Q to
a rectilinear (L) length in the trap sections. The coefficients are expressed as

L + 0.78« _ L + 1.1£
L -t- u.yf

B=Bo

(8)
B=B0

where Bo is the magnetic field strength in the straight sections.

2.3. Regime of rare collisions

In the regime of rare collisions (v < fl = cEr/aB, X is longer than the perimeter
of the trap), the range of collision frequencies corresponds to the banana regime in
a tokamak or a stellarator, but here we consider a radial electric field in the plasma
column, too. The main contribution to transport is made by those electrons and ions
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that are trapped between the longitudinal field maxima. Owing to the high amplitude
of the longitudinal field ripple, the local strength minima due to toroidicity disappear
so that the locally trapped particles are absent here. Electrons drifting along a binor-
mal to the axis in the curvilinear sections and within an azimuth in the radial electric
field undergo a weak deflection from the magnetic field line in each period of their
motion between the points of return. Therefore the ordinary transport calculation
technique previously applied for the description of stellarators, which is based on the
assumption that the distribution function has a small deviation from the Boltzmann
function and makes use of the fact that the ratio v/Q is small in the calculations, is
applicable to them.

The electron flux calculated by us abruptly drops with a rise in the radial
electric field and in the magnetic field ripple and turns out to be:

>jn 1- 0.6 -—•
L Te ^\Tj \ m, T,

x K ¥ COS2
 y (—^—V (3n - 2>n-5 (n2 - nym (9)

\e<p'2p^J

Here 7 is the CREL parameter close to half the rotational transform, <p is the electric
potential and prime denotes differentiation with respect to the radius of the magnetic
surface, a. A magnetic field profile which is suitable for calculations and close to the
real one is used.

The ions trapped between the CRELs noticeably deviate from the field line in
one period of their motion, owing to their low velocity. Therefore their behaviour
is similar to the behaviour of ions trapped in a straight ambipolar trap [6], so that
resonance diffusion of trapped ions is expected to be observed in Drakon. However,
the resonance condition in Drakon has the form \j/ = QL/vy = Trm (m is an integer)
and differs from the resonance condition for an ambipolar trap, i//ambi =
7r(m + 1/2). This difference is related with the absence of quadrupole symmetry in
the straight section of Drakon so that the rarefaction of resonances should reduce the
radial ion flux in Drakon in comparison with ion losses in the ambipolar trap.

2.4. Regime of intermediate collision frequencies

Transport in this range is determined by the trapped particles located near the
trapping boundary, where they are easily converted into passing particles as a result
of collisions. The diffusion coefficient related with them can be estimated by the
relationship:

D ~ W^v-Jf An/n (10)
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Vdz = VT Kjff (l/Lo)BK) is the effective drift velocity with the coefficient
Keff = K/3 acquired as a result of the turn of a field line in the CREL, and

An (II - 1)3/2

is the fraction of particles participating in this process. At the assumed Drakon
parameters the given coefficients provide diffusion of the type:

en - n3'2

9II2 \LJ 150 fe ew|

which is about an order of magnitude lower than the coefficient of super-banana
diffusion in stellarators.

Summarizing the results, one can make an optimistic prognosis for opportuni-
ties for a Drakon magnetic trap with circular magnetic surfaces and a rippled longitu-
dinal field. In a currentless regime many current instabilities will not be manifested,
and it will be possible to provide equilibrium and stability of hot plasmas with high
pressures, /3 ~ 15-20%, in the straight sections and with the plasma losses lower
than those in the stellarator super-banana regime. This indicates prospects for the
Drakon as a fusion reactor prototype.
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Abstract

EXPERIMENTAL AND THEORETICAL STUDIES ON RFP PLASMA CONFINEMENT.
Recent experimental results obtained on the RFP device ETA-BETA II (Antoni et al., IAEA

Kyoto Conference 1986), with density sustainment by pellet injection and at different values of the pinch
parameter Q = B(,(a)/<B4,> are reported. The experimental results are discussed with reference to the
new device RFX (a = 0.5 m, R = 2,1 = 2 MA) under construction at Padua, whose expected plasma
parameters are estimated on the basis of a 0-D power balance model. A theoretical study on MHD stabil-
ity is presented discussing the role of a resistive boundary.

1. DENSITY BEHAVIOUR

The injection of pellets with mass of ~102^ deuterium
atoms and velocities of ~100 m/s results in high density
(~l()20 m-3) sustained discharges [1]. In these discharges
the value of the electron poloidal beta, Peet is sustained in
time at Pee ^ 6% , and the resistivity is close to classical
throughout the pulse. This confirms the favourable scaling
of P and resistivity with density previously observed in
unfuelled discharges . The electron density and D«
emission profiles have been measured at a diagnostic
section 120° toroidally apart from that of pellet injection.
From the D« emission profile, the value of neutral influx

from the wall (neutral density per unit time) yo, can be
deduced and distinguished from that due to the pellet, ye.
Assuming a balance between neutral ionization and influx
from the wall and with the deuterium temperature

661



662 ANTONI et al.

measured from Doppler broadening (5-10 eV), it is found,
typically, yo=2xio24m-3 s-l ; this value is one order of
magnitude higher than the value estimated for discharges
without pellet. To estimate Ye the ablation rate has been
computed by the neutral shielding model [2]. For typical
pellet and plasma parameters of Eta-Beta II (rpO=0.7mm,
n e =10 2 Pm-3 , Te=100eV) it is found y e=2xl0 23m-3 s - l ,
almost constant during the 2ms pulse.

Assuming equilibrium between the charged particle
losses and the neutral ionization, a recycling coefficient
~0.9 is found, which is the typical value for discharges
without pellet [1].

Multichord interferometry has been used to study
the density profile time evolution during pellet injection
[1]. Discharges performed after low density shots show
flat or peaked density profiles while those performed after
a series of high density pulses with pellet injection show a
flat or hollow density profile suggesting that, in addition to
the pellet ablation, gas influx and recycling under different
gas wall loading conditions play an important role in
determining the density profiles. These effects will be
even more important in future devices, such as RFX,
utilizing a full graphite armour.

2. HIGH ©DISCHARGES

The magnetic field profiles measured at high values
of 0 in ETA-BETA II [3] show a sequence of peaking and
flattening of the current density profile which have been
interpreted as the competition of resistive diffusion and
relaxation processes driven by MHD instabilities.

In Fig. 1 are shown the waveforms of 0, measured at
the inner liner convolution, for two discharges
representative of two different regimes at low and high 0 .
The temperature and density profile time evolution has
been investigated by a multipoint, two-pulse Thomson
scattering apparatus [4]. A SiLi detector with a 95jj.m
thick beryllium filter and a two-colour CO2 interferometer
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FIG. 1. Time variation of Q for low and high 6 discharges.
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FIG. 2. Time behaviour of electron temperature for two 9 regimes, measured by SiLi detector and
Thomson scattering:

have been operated to monitor the maximum temperature
and the integrated line density respectively. Figure 2
shows Te vs time from the SiLi detector measurements,
Each point is the average value in a time interval of 0.3ms
and. over ~20 shots. Although the measurements at higher
0 correspond to lower current, higher temperatures are
measured in the plasma center, with approximately the
same rate of increase observed for the lower 0 discharges.
In the same figure the on-axis temperature measured from
Thomson scattering at early times is also shown.

Figure 3 shows temperature profiles averaged over
about 50 shots at low and high 0, respectively, measured
0.2 ms after the end of the configuration setting-up phase.
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FIG. 3. Temperature profiles measured by Thomson scattering at 0.2 ms after the configuration

setting-up phase.

At high 0 the temperature profile shows a tendency to be
more peaked. Due to the smaller experimental error
(~ 10%), the error bars are representative of the Te

fluctuations.
From the experimental ne and Te profiles, the Pee has

been computed and an increase from Pee ~6% to Pee ~8% is
found for the low and high 0 discharges, respectively.
Assuming pe=2P0e, and an analytical expression for the \i

J • B
distribution as H=^o—2~~ n(0)(l-(r/a) t t), the externally

B
measured F and 0 determine the corresponding magnetic
field profiles.

Increasing 0 the current density rises on the axis as
the temperature, leading to higher 0 o values
( 0 O = n(o)a/2).
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Although a significant increase in temperature is
observed at high 0, the plasma resitivity T|*(0) from Ohm's
law increases, resulting in an increase of the resistivity
anomaly factor Z*eff(0) ( Z*eff(0) =H*(0)/ *7Spitzer (0)) by
almost a factor of 2. Differences in impurity concentration
and/or their radial distribution combined with the
enhanced dynamo activity could explain this increase [51.

3. RESISTIVE WALL

The operation of RFP devices with a thin resistive
shell surrounding the plasma would be attractive, because
of improved active control on plasma equilibrium.
However, the dynamics of the RFP is mainly governed by
resistive and ideal current driven modes which depend
significantly on the boundary conditions. In particular if
the shell surrounding the plasma is not acting as a
perfectly conducting boundary, MHD instabilities are
predicted to grow on time-scales comparable to the shell
time xw> and their non-linear amplitude is larger than the
one corresponding to a perfectly conducting boundary [6].

Furthermore recent experimental observations [7,8]
seem to indicate a general degradation of plasma
parameters when xw is significantly less than the pulse
length and of the same order as the plasma resistive
diffusion time, XR.

These results can be theoretically explained on the
basis of MHD simulations [6]. In particular even the simple
linear MHD stability analysis gives a very useful insight
into the problem showing that internal m=l modes are
destabilized with growth times comparable to xw while m=0
and external m=l modes can have significantly shorter
growth times. An example of the modification of the linear
stability diagram ;[91 for the internal tearing modes due
to a resistive boundary is shown in Fig. 4, with reference to
the parameters @0 and a, characterizing the u. profile.

The unstable modes have been classified as internal
or external according to whether they are resonant inside
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FIG. 4. Linear stability diagram, with both conductive and resistive boundaries.

or outside the field reversal surface. The resistive wall
effect on plasma stability is twofold: first the m=0 and m=l
external modes are always unstable, for any value of TW;
second, as seen in Fig. 4, the m=l internal stability
boundaries are more restrictive. In particular, flatter
current profiles are needed to stabilize these modes. Thus
an enhanced MHD activity is expected at higher values of
0 O (and then ©), consistently with the experimental
results.

The highest values of the growth rates for m=0 and
external m=l modes are found in the range ytw = 10 - 50 .
The growth rates of m=l internal modes depend strongly
on a and, for a fixed TR, decrease approximately as (Tw)"1/3.

On the basis of the previous considerations we can
conclude that the effect of a resistive shell is to enhance
the MHD activity. In particular higher amplitude m=l
internal modes which are responsible for the relaxation
process, and m=0 and m=l external modes related to the
general degradation of the confinement [6,7] are found.
These results indicate that a closely fitting conducting
boundary is necessary in larger experiments, such as RFX,
to control the amplitude of the fluctuations associated with
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FIG. 5. Plasma current and electron temperature time evolution for two RFX operating regimes.

the RFP nonlinear dynamics and that an optimum
compromise between active equilibrium control and MHD
activity control has to be found.

4. RFX PLASMA TIME BEHAVIOUR

Typical values of the plasma parameters expected for
RFX have already been estimated and discussed elsewhere
[10]. In order to study their temporal behaviour a 0-D
model has been developed. A set of time dependent
equations for plasma current, electron and ion
temperatures, electron and neutral densities are solved. In
the model, a dynamo contribution has been considered, as
well as a direct ion heating term , leading to a total
resistance anomaly factor of 4. The effect of light
impurities is considered, assuming a carbon and oxygen
content of 1018m-3. Figure 5 shows the 1$ and the Te time
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FIG. 6. Examples of plasma current, electron temperature and energy confinement time scaling with
&6e in RFX.

evolution in two typical discharge conditions, with
pee=2.5 % and with an applied initial voltage of 600 V.
The difference in the input parameters is the decay time of
the applied voltage, corresponding to a flux of 15 volt>
seconds in case a) and 7 volt-seconds in case b), the total
particle density being scaled to give I/N ~3.5xiO"14 A»m in
both cases. In the case at higher current, the electron
temperature reaches 620 eV and_, correspondingly,
TE ~ 10 ms; if the applied volt-seconds are half the
maximum available, Te = 370 eV and XE = 3.5 ms are
obtained. The I<j>, Te and XE scalings with pee have been
calculated at constant applied volt-seconds and equal to
half the maximum available (Fig. 6); a value of Pee ~ 5%
would be necessary to reach lkeV of electron temperature
with an energy confinement time > 20ms. With the same
value, using all the energy input designed for RFX, a
temperature of -1.4 keV and XE ~60ms could be reached.
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Abstract

RESULTS OF ULTRA-LOW q AND REVERSED FIELD PINCH EXPERIMENTS ON REPUTE-1
AND TORIUT-6.

Stability and confinement of ultra-low q (ULQ) plasmas have been studied on REPUTE-1.
Burn-through of the radiation barrier has been observed in high current (Ip > 0.2 MA) ULQ
operation. Typical plasma parameters indicated by simultaneous measurements are as follows: plasma
current = 0.25 MA, electron temperature = 0.35 keV, ion temperature = 0.3 keV and electron
density = 3 x 10 " m~3. The limit of the average toroidal beta is proportional to the inverse of the
safety factor and is typically in the range of 5-15%. The magnetic fluctuation level in the edge region
is normally around 2% of the equilibrium field, which is smaller than that of RFP discharges with the
same amount of toroidal current. In TORIUT-6, stabilization and improvement of confinement have
been shown in current ramping ULQ discharges. Magnetic relaxation phenomena show similarities in
ULQ and RFP plasmas. The self-stabilizing mechanism of m = 1 kink modes plays an essential role
for the relaxation. In high theta RFP experiments on REPUTE-1 the time evolution of two dimensional
soft X-ray emissivity has been measured by X-ray tomography.

1. INTRODUCTION

This paper presents the results of experimental studies on ultra-low q (ULQ)
discharges in REPUTE-1 (R/a = 0.82 m/0.22 m, Ip < 0.35 MA) and TORIUT-6
(R/a = 0.33 m/0.05 m, Ip < 30 kA), and also on RFP discharges in REPUTE-1.

The ULQ is a current carrying toroidal plasma with a safety factor qa on the
plasma surface less than 1, which is intermediate between the tokamak and the RFP.

Department of Physics, Faculty of Science, University of Tokyo, Tokyo, Japan.
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Stable ULQ discharges have been studied on REPUTE-1 [1,2], TORIUT-6 [3],
OHTE [4], and recently on HBTX-1C [5]. Both the ULQ and the RFP are set up
through the self-stabilizing non-linear dynamics of m = 1 kink instabilities [6].
Numerical simulations of the setting-up phase of the ULQ account well for the
experiments [7]. MHD stability analyses have been carried out focusing on double
resonant modes localized in the pitch minimum region [8]. Experimental mode ana-
lyses for the localized internal modes are also in good agreement with the theoretical
results [9]. Thus, consistent understanding is developed for the MHD behaviour of
the ULQ plasmas.

The topics of the present paper on ULQ plasmas are the improvement of plasma
parameters, with burning through the radiation barrier, and achievement of stable
high beta confinement. Also concerning RFP discharges, MHD behaviour is
experimentally studied for high theta discharges and the internal structure of the saw-
tooth activity is analysed.

2. ULQ EXPERIMENTS

For the production of ULQ discharges, fast current rise (typically 0.5 ms) and
relatively high density (~ 1020 m"3) are necessary, and at present these are available
only in RFP devices, though their toroidal field is too low for the ULQ discharge.
In REPUTE-1, two options for the toroidal field are being prepared — 1 kG with
40 ms flat-top and 2.5 kG with 5 ms flat-top. The ULQ discharge continues stable
for as long as 20 ms when 1/2 < qa < 1. In this long pulse and low field opera-
tion, the Ohmic heating power is not sufficient to burn out the radiation barrier [2].
Here, we describe the results of recent experiments executed with a toroidal field of
2.5 kG and with the safety factor regime 1/5 < qa < 1/2.

Four discrete ranges of l/(n + 1) < qa < 1/n, n = 1,2,3,4, for stable ULQ
discharges are clearly shown by plotting the plasma resistance versus qa (see
Fig. 1). It is evident that there exist operation windows between adjacent rational
numbers of qa and that operation in the vicinity of the rational numbers is
impossible.

Figure 2 shows typical discharge characteristics of REPUTE-1 ULQ plasmas.
The maximum value of Ip is about 0.3 MA, and 1/5 < qa < 1/4 for the period of
t = 0.3-1.4 ms. The stepwise drop of the plasma current occurs at the rational num-
bers of qa. Before the initial density pump-out, the ion temperature (measured by the
Doppler broadening of the O(V) line) has a low value of 30 eV and the radiation bar-
rier is not burnt out because of the too high electron density. After the pump-out, the
ion temperature starts to increase and reaches 340 eV at 1.8 ms. The ion temperature
measured by a time of flight system is 263 eV at t = 2.1 ms, which is in good agree-
ment with the Doppler measurement. The electron temperature is 350 eV, which is
estimated by X-ray energy analysis by summing 272 counts from t = 1 to t = 3 ms
over a total of 25 shots of similar discharges. The total neutron emission number of
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FIG. 2. Typical discharge characteristics of REPUTE-1 ULQ plasmas.
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FIG. 3. Relation between ion temperature (centre, Doppler) and electron density (line average, COJ.

104-105 per shot was observed when the ion temperature was 0.5 keV and the elec-
tron density 7 x 10 l 9nr3 .

Peaking of the electron temperature profile was observed by the array of soft
X-ray detectors. Average toroidal beta is about 12% in normal operation conditions.
The Spitzer resistivity for an electron temperature of 350 eV and assuming Zeff = 1
is about 30 times smaller than the calculated resistance by the circuit impedance. A
broad current density profile with a peaked electron temperature gives large Ohmic
power dissipation in the peripheral region and high V!0Op [10].

Figure 3 shows the relation between the ion temperature (Doppler) and the line
averaged electron density for ULQ discharges with a toroidal field of 2.5 kG. The
beta limit jSt = 16% is clearly shown. After a series of careful discharge cleanings,
electron and ion temperatures of 0.3-1.2 keV were achieved. The typical energy
confinement time is 0.1-0.2 ms.

Figure 4 shows the ratio of the bolometer signal and the total input energy for
different densities. The stepwise decrease of the bolometer signal corresponds to the
burn-through of the radiation barrier.

The high temperature regime of ULQ is of physics interest in view of the non-
linear behaviour of MHD instabilities. The magnetic Reynolds number S has reached
the range of > 106. The linear unstable localized modes are considered to be satu-
rated, because the local double tearing reconnection acts to push the pitch minimum
outward [11]. The magnetic fluctuation level is of the order of B/Bo < 0.02, which
is smaller than those of RFP discharges with the same amount of toroidal current.
The fluctuation level increases with the decrease of qa, whereas the plasma
resistance decreases as the plasma current increases (see Fig. 1).

In TORIUT-6, stabilization and improvement of confinement have been shown
in current ramping ULQ discharges.
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FIG. 4. Ratio of bolometer signal and total input energy for different electron densities.

In summary, the burn-through of the radiation barrier has been observed in
quasi-stable ULQ discharges. In spite of the use of a low toroidal field (2.5 kG), the
temperature, the density and the beta values achieved are sufficiently high to justify
the execution of the experiment in a higher toroidal field.

3. RFP EXPERIMENTS

Sawtooth oscillation of the soft X-ray signal from the RFP plasma core has been
observed in high theta plasma and periodic oscillation of internal magnetic fields has
been detected by magnetic probes in low current but high theta operation of
REPUTE-1. Two dimensional profiles of soft X-ray emissivity measured by X-ray
tomography show an abrupt crash of the profile after its peaking [12]. It is found that
the characteristics of this behaviour are consistent with the results of MHD stability
analysis and simulation [13].

The ion temperature has been measured by the Doppler broadening of
C(V) (227.1 nm) and O(V) (278.1 nm) in the high temperature case. After wall con-
ditioning the ion temperature becomes high ( — 0.6 keV) in the case of low density
(i^ ~ 2 X 1019 m"3) [14].
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Abstract

POTENTIAL FORMATION IN AN RF-PLUGGED AXISYMMETRIC MIRROR CUSP DEVICE.
The first measurements of an enhanced RF electric field in the RF plug section and the resulting

formation of an RF plug potential as well as the mechanism of plasma potential formation in the central
section are described.

1. INTRODUCTION

The RFC-XX-M device (Fig. 1) has a linear, axisymmetric, MHD stable con-
figuration which is a simple mirror field (central section) terminated by spindle cusp
fields with radiofrequency (RF) plugging. Two line cusps are plugged by an RF plug
potential (ponderomotive potential) produced by RF fields in the ion cyclotron fre-
quency range. In previous experiments [1], an empirical scaling for the RF plug
potential up to 1 kV and an MHD stability condition in a cusp anchored mirror
plasma were obtained. In addition, the negative potential mode was discovered with
ICRF power only.
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FIG. 1. (a) Magnetic lines of force of RFC-XX-M upper half shown, (b) Magnetic field profile along
an off-axis field line in full operation, (c) Potential profile along a magnetic field line.

The distance between the field nulls of the two spindle cusps is 3 m. The mag-
netic field strength in this experiment is 1.26 T at the line cusp, 0.21 T at the central
mirror midplane and 0.58 T at the mirror throat. A rotating type-Hi antenna is
located in the mirror throat for plasma production and is driven by two 0.4 MW RF
oscillators (f = 7 MHz). For RF plugging, a pair of ring electrodes is installed in
each line cusp and connected to a 1 MW oscillator (f = 24.5 MHz). Typical plasma
parameters at the mirror midplane are: n = 2.4 X 1012 cm"3, Tt = 100 eV with a
high energy component of 550 eV, Te = 30-140 eV.

2. RF PLUG POTENTIAL FORMATION

A parametric survey [1] of the RF plug potential shows that the RF plug poten-
tial is enhanced when the RF frequency corresponds to the eigenfrequency of the
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n = 1 mode of the ion Bernstein wave, where n is the mode number in the direction
across the sheet plasma in the line cusp. For the plasma parameters of RFC-XX-M,
only the n = 1 mode can be excited whereas various other mode numbers
(n = 0, 1,2, ...) are possible for the eigenmode in the calculation. To confirm the
existence of the eigenmode, we measured the electric field in the sheet plasma
directly [2] by using a combined technique of beam probe and laser induced fluores-
cence, in which the forbidden fluorescence due to the Stark effect was observed. The
optical detection system is movable in the direction across the sheet plasma in order
to allow the observation of the spatial distribution of the fluorescences.

In optimum conditions where the frequency corresponds to the eigenfrequency,
the measured electric field strength in the midplane of the sheet plasma increases
almost linearly with the applied RF voltage VLB and is enhanced about 2.5 times
with respect to the vacuum field. The spatial distribution for the RF electric field in
the direction across the sheet plasma was also measured in the optimum conditions
with VLB = 4 kV, as is shown in Fig. 2(a). From this figure, we see that one peak
exists at the midplane of the sheet plasma, and another peak is on the right hand side.
Unfortunately, the left hand part could not be fully measured because the width of
the laser light was set to be 10 mm in order to avoid the laser stray light scattered
from the surfaces of the RF electrodes. Figure 2(a) suggests that the electric field
profile consists of a central peak and a pair of symmetric side peaks.
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FIG. 2. (a) Electric field profile in the direction across the sheet plasma with the corresponding
electron density profile, (b) Calculated profile of the eigenmode in the present experimental condition.
Pi denotes the ion Larmor radius.
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FIG. 3. (a) Measured potentials, *£$, $ u and (j>M, versus the plugging RF voltage under optimum and
non-optimum conditions, (b) <j>M measured by a heavy ion beam probe system, compared with <f>A

deduced from the generalized Pastukhov formula. The solid line shows <j>M = <j>A.

Numerical calculations carried out for these experimental conditions show that
the eigenmode of the ion Bernstein wave is the n = 1 mode; the RF electric field of
this mode has three peaks as is shown in Fig. 2(b). Thus, the electric field profile
obtained experimentally is in agreement with the theoretical profile.

Since the ion Larmor radii are almost equal to the thickness of the sheet plasma,
the ions 'feel' the whole electric field profile which is equivalent to the electric field
averaged in the direction across the plasma sheet. By using the averaged electric field
in Fig. 2(a), the RF plug potential is calculated to be 450 V, which agrees with
the value measured by a multi-grid energy analyser. This plug potential yields a
parallel confinement time of 500 ms for bulk ions of 100 eV, according to the
Pastukhov formula.

3. PLASMA POTENTIAL FORMATION

Because of ion confinement by the RF plug potential, it is expected that the
plasma potential in the central section will rise to a positive value which acts to con-
fine electrons so as to equate ion and electron losses. Clarifying the mechanism of
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the potential formation [3] in the confinement region is very important for an under-
standing of plasma confinement with respect to non-ambipolar radial transport. When
RF plugging is applied to both line cusps, the multi-grid energy analysers placed at
line cusp ends give <£>LS and $LB, which are superpositions of the RF plug potentials
$LS a nd $LB on the plasma potential <j>M, respectively, as is illustrated in Fig. l(c).
The plasma potential 0M is measured by a heavy ion beam probe system installed at
the mirror midplane. Subtracting <£M from $LS and $LB, we obtain the RF plug
potentials ^^ and $LB-

In Fig. 3(a), €>LS, $LB and <j>M measured in the optimum conditions
(ci>/ci>ci = 1.4 and «p;/wd = 46) are plotted by solid curves against the plugging
RF voltage. Without RF plugging, $LS, $ L B and 0M are almost equal at 220 V.
As the plugging RF voltage increases, #LS> ^LB a nd <£M increase up to 1100 V,
840 V and 550 V, respectively. The RF plug potentials are, therefore,
*LS = $LS - <£M = 550 V and *L B = $LB - *M = 290 V for VLS = 5.2 kV and
VLB = 4.0 kV. For non-optimum conditions where w/a)cL = 0.89 and
Wpi/w?i = 25, $LS and $LB increase only about 100 V as VLS and VLB increase to
5.1 kV and 3.9 kV, respectively. 4>M also increases slightly.

In the RFC-XX-M device, most of the plasma is confined in the adiabatic con-
finement region which is illustrated by the hatched area in Fig. 1 (a).This particle con-
finement can be discussed in terms of the generalized Pastukhov formula. By setting
the ion confinement time equal to the electron confinement time, the ambipolar poten-
tial in the central section, 0A, can be evaluated. As is clear from Fig. 3(a), "Jr^ is
larger than ^LB, because of the difference of V^ and VLB. This means that the ion
confinement is limited by the RF plug potential on the LB side which is lower than
that on the LS side. Therefore, substituting the quantities measured at the LB line
cusp and the central mirror midplane into the equations for the particle confinement
time for ions and electrons, we obtain <f>A for a wide range of plasma parameters,
including the case of no RF plugging. These values of 0A are compared with <£M

measured by the heavy ion beam probe system for the corresponding shots in
Fig. 3(b). All points are in agreement with the solid line which shows that the meas-
ured plasma potential is equal to the ambipolar potential which develops to equate
the ion and electron losses along the magnetic lines of force, and strong non-
ambipolar radial loss is not driven to such an extent as would be expected in a com-
pletely axisymmetric magnetic field configuration.
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Abstract

INJECTION OF PLASMA STREAMS WITH ENERGIES OF UP TO 50 kJ, STAGNATION
TEMPERATURES OF MORE THAN 1 keV AND 0 « 1 INTO OPEN MAGNETIC TRAPS.

Investigations of injection of plasma streams through magnetic mirrors and cusps, with energies
of up to 80 kJ, stagnation temperatures of more than 1 keV and 0 = 1, were carried out. These streams
were generated by MK-200 and MK-500 pulse gas filling plasma guns. It is shown that if the Mach
number M > I is satisfied in the region of highest possible magnetic field strength, the head part of
the stream with j8 = 1 passes through it freely. The tail part of the stream is partially cut off as a result
of a shock wave arising in the flow region where the M > 1 condition is violated. The efficiency of
the head part of the stream with j8 =* 1 passing through the cusp is close to 1.

To study the loss mechanism and the plasma stability in open magnetic traps
over a wide |8-range, it is necessary to obtain a plasma with high energy store,
W > 100 kJ, and temperatures T > 1 keV [1]. The progress in the generation of
supersonic deuterium plasma streams by means of electrodynamic pulse guns [2] and
the effective thermalization of the kinetic ion energy in counterstreaming interac-
tion [3] allows us to hope for a successful use of plasma guns for this purpose. In
this case, a high temperature plasma is produced in the trap by thermalization of
plasma streams of opposite directions which are injected simultaneously into the trap
along the system axis through magnetic mirrors from a couple of identical accelera-
tors. The supersonic nature of the plasma flows generated by the guns allows, in prin-
ciple, them to be injected into the trap through stationary magnetic fields without
using a magnetic gate, which does not make the construction of the magnetic trap
more complicated. On being injected, the streams pass through highly non-uniform
magnetic field regions such as magnetic mirrors and cusps, which may result in a sub-
stantial change of the plasma parameters in the trap. Since the physical processes in
the traps, in particular in the long cusp (LCT) [1], depend on the plasma parameters,
it is undoubtedly important to study the injection process carefully. The stream
passing through the basic elements of the magnetic system placed at the end of the
open trap, such as magnetic mirror and cusp, is studied in this paper.
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FIG. 1. Electrode systems of the guns: 1 —pulsed gas valve, 2 — inner electrode, 3 — outer electrode,
4 — vacuum chamber.

1 2 3 1 2 3

FIG. 2. Liner construction: 1 — liner, 2 — solenoids, 3 — magnetic probes, 4 — expander.

Two types of pulse gas filling guns, MK-200 and MK-500, were used for the
generation of deuterium plasma streams. The electrode systems of those guns are
shown in Fig. 1. A low induction (Lo = 18 nH) capacitor bank of Co = 1152 jttF
and an operating voltage, U, up to 50 kV were used for the accelerator power supply.
Adjusted gun operating conditions were used. The operating voltages of 20 kV for
the MK-200 and 25 kV for the MK-500 accelerator corresponded to those conditions;
they were equal to energy stores of 230 and 360 kJ, respectively. The energy and
the directed velocity of the plasma streams were equal to 40 kJ and
3.5 x 107 cnvs"1 for the MK-200 and 80 kJ and 5 x 107 cm-s'1 for the MK-500
plasma gun. The plasma streams were injected into the fine wall metal tube liner,
being filled in by the longitudinal magnetic field. The wall thickness was chosen so
that the magnetic flow through the liner cross-section remained constant during the
process.
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FIG, 3. Plasma parameters versus lime (Ho = 8 kG).

Two types of liner were used in the investigations (Fig. 2). The first version
of the liner was a cylinder of 30 cm diameter and 350 cm length. The magnetic mir-
ror configuration was created by means of a system of short solenoids; the typical
magnetic field gradient length could be chosen from 20 to 150 cm. Changing the
magnetic field direction in the last solenoid, the cusp configuration was set up. The
magnetic field lines go into the metal liner wall, in this case. The magnetic field
strength in the liner was varied from 0 to 20 kG. The second version of the liner
shape repeated the form of the magnetic force tube. It had a conical part, where the
liner diameter changed from 30 to 14 cm, a ring cusp of 5 cm width (the magnetic
force lines left the system through it when the cusp configuration was realized), and
a cylindrical part of 14 cm diameter and 30 cm length. The measurements were car-
ried out with 100, 165 and 300 cm long conic parts. As the exit aperture of the
MK-200 gun allowed the streams to be injected directly into the 14 cm diameter liner,
this gun was used in the measurements, where the entrance liner part was a cylinder
of 14 cm diameter and 50 cm length. A magnetic field expander containing the
probes for the energy store and for measuring the spatial distribution of the plasma
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TABLE I.
PASSING

DATA ON MIRROR
EFFICIENCY

4, = 20 cm

k

Q(kJ)

i = Q/Qo

1

40

1

1.5

37

0.93

2

30

0.75

3

21

0.53

TABLE II
PASSING
k = 3

C(cm)

Q(kJ)

T, = Q/Qo

DATA ON MIRROR
EFFICIENCY

20

21

0.53

100

28

0.7

180

30

0.75

FIG. 4. Diamagnetic signals before (z = 240 cm) and after (z = 320 cm) the mirror, k = 3,
L = 20 cm.



IAEA-CN-50/C-V-10 687

FIG. 5. Radial magnetic field profiles: 1 — t = 9 ps, 2 — t = 11 ps, 3 — t = 18 ps.

leaving the system through the cusp was established behind the slit. The gun chamber
and the liner were pumped out previously down to a pressure of 10"4 Pa. The diag-
nostic complex included the integral calorimeters for plasmoid energy and heat flux
measurements, the tiny magnetic probes for magnetic field measurements, the
Thompson ruby laser light scattering for the Te and n,. and the neutron collimator for
the Tj measurements.

The structure of the plasma flow generated by the accelerators was investigated
during the first stage of the experiments. The stream parameter measurements were
carried out in a magnetic field of 8 kG, 300 cm apart from the accelerator. Figure 3
plots the MK-500 gun plasma parameters as functions of time, corresponding to their
flow length distribution, and a typical signal of a magnetic probe mounted in the slit
between the plasma and the liner wall. These data and the inner magnetic field distri-
bution measurements show that there is a strongly pronounced head part in the flow
of about 2.5 m in length, a linear density of about 1.5 x 10" cm"1, a linear energy
of about 80 J-cirr1, and j8 * 1. The values of TL, Te and v decrease monotonically
along the head part of the stream; accordingly, n increases. The Mach number
decreases to a value of 20-30% along this part of the stream. The energy store of
the head part is about 20 kJ and approximately equals 25 % of the total energy of the
stream. Furthermore, with the flow of the diamagnetic signal, T; and Te decrease
rapidly, the inner magnetic field increases and a decrease in /3 takes place. The tail
part of the stream consists of rather dense plasma (n = (4-5) X 1015 cm"3), a
phenomenon that is not observed with the magnetic probes. The plasma temperature
in this part of the flow is Te « T; < 10 eV. The tail part of the stream is recorded
during 20-30 /is. It is shown by spectral measurements that it contains a considerable
percentage of the impurities. In filling the traps, this part of the flow has to be cut
off so that the impurities do not enter the trap. It has to be mentioned that the energy
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FIG. 6. Plasma energy storage after cusp: 1 — L = 100 cm, 2 — L = 165 cm.

store of the non-magnetized (0 « 1) part of the flow decreases in moving away from
the accelerator because of magnetic field diffusion into the flow during plasmoid
transport. Just near the accelerator the energy store of the head part of the flow equals
more than half the whole stream energy.

The plasma energy that had passed through the mirror was measured as a func-
tion of the mirror ratio k and field gradient length 4i- It was shown that the meas-
urement results and the physical processes of the interaction of the flow with the
magnetic mirror do not depend on the construction of the magnetic system and
virtually coincide for cylindrical and profiled liner systems. The data on mirror pass-
ing efficiency as functions of k and C for the MK-200 plasma flow in the cylindrical
liner system are shown in Tables I and II. The point of maximum magnetic field
strength was at a distance of 300 cm from the accelerator. The magnetic field induc-
tion at the entrance of the system was 6.4 kG. These data indicate that the energy
of the part of the flow having passed decreases as k increases. As the diamagnetic
measurements show, before the mirror (z = 240 cm) and after it (z = 320 cm), this
decrease takes place mostly as a result of the partial cut-off of the tail part of the flow
(Fig. 4). Up to k = 3, the head part of the stream passes through the mirror in a prac-
tically free manner. The head part has passed the mirror before the sharp rise in the
linear energy density (about three times) and in Tt and Te takes place. This is indica-
tive of the shock wave arising in the interaction of the flow with the stationary mag-
netic mirror. As estimates show, the shock wave forms at the section where
M « 1. As \j > Xe in the flow, the shock wave is of a turbulent nature. Magnetic
field profile measurements (Fig. 5) attest to rapid magnetic field diffusion into the
flow in the shock wave zone. The rate of this diffusion exceeds the Bohm's value con-
siderably; this implies that there may be a hydrodynamical mixture of plasma and
magnetic field. This is confirmed by wall heat flow measurements. A comparison of
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the energies of the stream having passed the mirror and of the head part shows that
even for k = 3 almost 50% of the plasma passing through the mirror (in terms of
energy) is magnetized. This means that the mirror does not guarantee effective
plasma jet cleaning from the magnetized tail part. The more k increases, the more
sharply the diamagnetic signal amplitude decreases after the mirror. The M > 1 con-
dition is no longer valid, and the shock wave forms in the head part of the stream.
This is why the M > 1 condition may be considered to be a necessary one for effec-
tive injection of non-colliding plasma streams through the mirror.

Measurements of the plasma stream passing through the cusp show that the
results depend drastically on the liner construction. Almost the whole plasma stream
energy absorption takes place near the cusp in the cylindrical liner system, irrespec-
tive of the magnetic field strength. The energy store of the plasma having passed
through the cusp does not exceed 2% of the whole energy jet. This part is represented
by a strongly magnetized plasmoid (/3 « 0.2). The stream energy has been absorbed
on the lateral side of the liner at the position where the magnetic field lines go into
the metal wall, symmetrically with respect to the middle plane of the cusp. The width
of this zone (10 cm) is comparable to the typical dimension of the magnetic field
gradient.

Measurements of the MK-500 jet passing through the cusp for the conical liner
and ring cusp systems show (Fig. 6) that the energy store (Q) of the passing stream
part is practically independent of the magnetic field strength in the slit and increases
from 8 to 15 kJ as the distance from the cusp to the gun (L) decreases from 165 to
100 cm. The Q-value is commensurable with the energy store of the head part of the
stream for such distances if the radial plasma compression occurring in its transport
is taken into account. The diamagnetic signal amplitude and the stream parameter
values after the cusp remain practically the same as those of the head part at the entry

FIG. 7. Thermal flow and magnetic field distributions in the ring cusp (Hsl = 25 kG).
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into the cusp. The shortening of the diamagnetic signal drop and the agreement of
the passing-through plasmoid energy with head part energy indicate that effective
clearing of the plasma stream from its magnetized part takes place in the cusp region.
Plasma flow investigations in the ring cusp by means of magnetic probes and
calorimeters show (Fig. 7) that the plasma flowing out of the slit is strongly magne-
tized 08 « 0.2) its energy store is Qsl * Qo - Q. When the distance between the
gun and the cusp is 50 cm (only MK-200 gun measurements were carried out) the
efficiency of the injection through the cusp is about 75 %, and the injected plasma
energy is 30 kJ. In this case, the plasma stream structure in the ring cusp remained
virtually unchanged.

As a result of the measurements, it is shown that injection of supersonic plasma
streams into the stationary mirror traps can be carried out up to an efficiency of 50%
if the M > 1 condition is fulfilled in the highest possible magnetic field strength
region. When the plasma flow moves forward and the magnetic field grows in the
section where M = 1, a strong shock wave is formed, resulting in a stopping of the
streams and in rapid magnetic field diffusion into the plasma. This greatly reduces
the injection efficiency. Almost the entire clearing process from the magnetized
plasma takes place in passing the cusp. The head part of the stream (|8 « 1) passes
through the cusp almost without losses. A stationary, high temperature deuterium
plasma of Q = (40-60) kJ, T; > 1 keV and /3 « 1 can be created in the open mag-
netic trap with two plasma flows of opposite directions being injected simultaneously
by a couple of identical accelerators.
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Abstract

HOT ELECTRON PLASMA CONFINEMENT IN THE CUSP DEVICE OGRA-Mt.
A hot electron plasma with a density of up to several times 10 '2 cm"3 and Te - 1 keV in a

spindle cusp was generated by ECRH in an investigation of plasma confinement. In the indicated range
of parameters the confinement of plasma is limited by Coulomb scattering. At higher plasma parameters
the development of instability was observed. A spindle cusp with a hot electron plasma is considered
as an MHD anchor for macroscopic stabilization of a hot ion plasma in open magnetic systems.

Theoretical investigations have predicted [1] and experiments demonstrated [2]
that violation of axial symmetry by MHD anchors in open ended magnetic systems
is the cause of the intense transverse plasma transport which decreases the plasma
confinement time to an unsatisfactorily low level. These predictions and observations
stimulated development of different types of axially symmetrical MHD anchors
which are not susceptible to transverse diffusion. One of these types of anchors —
a spindle cusp with a hot electron plasma — was suggested and discussed in
Refs [3, 4].

On the basis of the superconducting magnet system of OGRA-4 [5] we have
constructed the spindle cusp OGRA-4K with the main purpose of studying the genera-
tion and behaviour of a hot electron plasma in such a trap, in order to obtain data
for the next step of investigations in the context of the ideas discussed in Refs [3, 4].

The main parameters of the cusp are: the distance between axial mirrors is
0.4 m, the radius of the annular magnetic gap is 0.15 m, the maximum field in the
axial mirror is 3 T and in the magnetic gap 1.85 T. Ionization of hydrogen fed by
a controlled piezoceramic valve and ECRH of the plasma were accomplished by
superhigh frequency (SHF) waves of two gyrotrons with frequencies of 36.4 and
28.0 GHz. The wave guides of the gyrotrons were arranged as indicated in Fig. 1.
The SHF power introduced by the two gyrotrons into the cusp was about 100 kW
and 30 kW. The gas feed did not exceed 10 equivalent amperes. At the end of the
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10 cm

FIG. 1. Magnetic field lines and B = const surfaces in the spindle cusp OGRA-4K.
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FIG. 2. Diagnostic signals in one shot of plasma heating in OGRA-4K: (a) linear density,
(b,c) diamagnetic signals, (d) soft X-rays with energy ~1 keV, (e) intensity of Ha, (f) current on
annular collector, (g) gas pressure around plasma, (h) gyrotron power.
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5 ms

FIG. 3. (a) Soft X-rays with energy -100 eV, (b) soft X-rays with energy -1 keV, (c) diamagnetic

signal.

cusp vacuum chamber titanium having the temperature of liquid nitrogen was
deposited on the surface.

Plasma parameters were measured by a set of diagnostics which included
Langmuir probes, magnetic probes, diamagnetic loops, an SHF interferometer and
radiation detectors in a wide range of frequencies, from microwaves to X-rays.

The oscillograms in Fig. 2 show that ECRH generates plasma with a
density of up to several times 1012 cm"3 and diamagnetism up to several times
1015 eV-cm"3. Comparison of the time dependence of plasma density and Ha inten-
sity indicates the burning out of residual gas in the plasma. The time dependence of
soft X-rays with energies of 100 eV and 1 keV and of the diamagnetic signal, shown
in Fig. 3, suggests that the diamagnetism of the plasma is more likely caused by
1 keV electrons than by 100 eV electrons. The same average energy of electrons in
the vicinity of 1 keV is also deduced from the measured density and diamagnetism
of the plasma.

Special measurements of wave absorption in the plasma have shown that the
coefficient of absorption r) is about 50%. This value with known SHF power P and
measured nTe makes it possible to estimate the energetic confinement time

TE = n

where V is the volume of the plasma. For the diamagnetic signal shown in Fig. 4 this
confinement time rE = 50 /is. If this confinement is assumed to be limited by
Coulomb scattering, then Te must be equal to 1.1 keV and the density calculated
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FIG. 4. Diamagnetic signal versus time.

from known nTe is equal to 6 x 1012 cm"3. This density is in sufficiently good
agreement with the measured density, 2 x 10l2 cm"3. Decay characteristics of the
nTe signal in Fig. 4 also indicate that plasma losses may be attributed to Coulomb
scattering.

The value of beta calculated from measured nTe and the value of the magnetic
field on the electron cyclotron first harmonic resonance surface for the case shown
in Fig. 4 is 0.2%.

, In experiments carried out just before the writing of this paper the duration of
ECRH was prolonged to 70 ms, resulting in an increase in beta to 2%, which is suffi-
cient for macrostabilization of a hot ion plasma in a long mirror trap. In these regimes
with prolonged ECRH, abrupt decreases of diamagnetic signal were observed. The
origin of the instability and its characteristic frequencies will be investigated in later
experiments.

CONCLUSION

It has been shown that it is possible to confine a hot electron plasma with
ft s 0.2%, n ~ 2 x 1012 cm"3, Te ~ 1 keV in a spindle cusp with a characteris-
tic confinement time limited by Coulomb scattering. This plasma was generated by
30-100 kW ECRH with a duration of 20 ms and hydrogen gas feed which did not
exceed 10 equivalent amperes. Prolongation of ECRH to 70 ms enabled the value of
beta to be increased to 2%, but evidence of instability was detected. This instability
is to be investigated.
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Abstract

EARLY FORMATION PHASE OF A FIELD REVERSED CONFIGURATION IN A FAST THETA
PINCH.

The temporal evolution of trapped flux and separatrix dynamics have been determined experi-
mentally during the reversal and radial compression stages of the formation phase of a field reversed
configuration produced with a fast field reversed theta pinch. The observed results are compared with
semi-empirical scaling laws and available experimental data.

1. INTRODUCTION

The formation phase of a field reversed
configuration (FRC) is most important for its final
equilibrium properties, since relevant quantities for
stability and transport, such as the reversed trapped
flux, geometry and plasma parameters, are conditioned
by the processes occurring during the formation
sequence (1).

The study of FRC formation has been addressed
mainly on an empirical basis, and it is still an area
where comparison of experimental results of different
machines is limited and hindered by the sensitivity of
the physical processes of interest to the conditions
under which the experiments are performed. Recent work
on the subject, with particular emphasis on the
analysis and control of the mechanisms which affect
the FRC formation using the TRX-1 and TRX-2 field
reversed theta pinches (FRTP) at Spectra Technology,
Inc., led to the formulation of semi-empirical scaling
laws which relate relevant variables of the FRC
formation and equilibrium phases with selected plasma
parameters (2,3). The indicated laws, obtained on the
basis of "slow" RFTPs, which form the FRC in a time
longer than the Alfve*n radial transit time, constitute
a first important step towards the understanding of
the scaling properties of the FRCs.
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The present paper reports on initial results of
an experiment designed to study FRC formation in a
fast FRTP. Measurements of the trapped reversed flux
evolution and of the separatrix dynamics during the
field reversal and radial compression stages of the
FRC formation process have been performed using
internal multiple head magnetic probes and an array of
compensated diamagnetic loops. The results obtained
are compared with existing semi-empirical scaling laws
as well as with available experimental data.

2. EXPERIMENTAL ARRANGEMENT

The RFTP used in the present experiments was
operated with a peak bias field, BQ = 0.64 kG; the
external magnetic field Be had a quarter period of
1.5 ysec and its peak value was adjusted to obtain two
sets of data for 2.0 and 4.0 kG, respectively,
measured from the zero field line; no crowbar was
available. A segmented coil was used with a length of
53 cm and an inner radius rc = 8.5 cm, provided with
passive mirrors at both ends with an average mirror
ratio of 1.05. The discharge chamber was a quartz tube
150 cm long with an inner wall radius rw = 6.7 cm, and
was evacuated to a base pressure of 2 x 10~6 Torr
using a conventional oil diffusion pump through a
liquid nitrogen cold trap. Hydrogen was used as the
working gas under continuous flow conditions and was
preionized by an RF discharge followed by a fast
ringing theta discharge with a single zero crossing.
Diagnostics included an array of 7 compensated
excluded flux loops spanning half a coil length and
internal multiple head magnetic probes. Measurements
of the radial profile of the axial magnetic field were
performed with a 5-head radial probe located at the
coil central section (z = 0) , which had a protective
quartz jacket with an external diameter of 2.8 mm. In
addition to the indicated diagnostics, visible-u.v.
spectroscopy and streak photography were used as
complementary techniques* Particular care was taken to
assure minimal probe perturbation effects, which were
determined to be negligible during the time of
interest for the experiments ( - 2 psec), and to reduce
as much as possible the concentration of impurities in
the plasma during the main discharge (~3% of oxygen
measured).
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3. EXPERIMENTAL RESULTS AMD DISCUSSION

3.1. Trapped flux evolution

The radial profile of the axial magnetic field
Bz(r,t) was measured at the coil central section (z=0)
in the pressure range 5-9 mTorr in hydrogen.
Measurements were performed for the two selected
values of the external magnetic field, while keeping
the same bias field and preheating conditions in all
cases. From these results, the trapped flux evolution
$(t) and the flux retention fraction at lift-off,
•lo/*o' w e r e calculated, where (J>lo is the trapped flux
at lift-off and $ is the initial reversed flux.The
lift-off time was determined assuming that the current
sheath detaches from the wall when the external field
equals the average trapped field.

Operation at pressures below 5 mTorr led to
negligible, flux trapping, which may be the result of
poor gas ionization at very low pressure conditions;
above 9 mTorr, no line reconnection was observed at
the ends of the coil, which is ascribed to the low
mirror ratio used in the present experiments.
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FIG. 1. Flux retention fraction at lift-off.
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The flux retention fraction at lift-off is (2) :

= Blo/Bo=< -1 + c *1/2ftt~1 - l ) 2 7 5 ) " 1 (1)

where C is a constant, rit is the circuit transfer
efficiency (nt=(rw/rc)

2 (l+Lg^/L-)"1, where Lc is the
coil inductance and Lext

 ls
o ̂

n e external circuit
inductance) and X = 2^37 BQ

2 (kG)Hi./VQ(KV)po(jaTorr) .
Here, N t is the number of turns of the coil (Nt=l in
our case) , V o is the main capacitor bank charging
voltage and p o is the gas fill pressure. For our
particular conditions, n̂ .= 0.38, Vo= 12 and 19 kV for
Be= 2 and 4 kG, respectively, and po= 5, 7 and
9 mTorr.

The experimental results obtained for Bio/Bo are
presented in Fig. 1, compared with the scaling law
given by Eq.(1) and available experimental data. In
spite of the general agreement of results obtained for
the high pressure and high magnetic field limits of
the operating ranges explored, the present
measurements indicate a scaling trend significantly
different from the one given by Eq. (1).

The reasons for the present scaling are not
clear although it is suspected to result from a
reduction of the ionization efficiency at the lower
gas densities, leading to a higher relative impurity
concentration under these conditions and to an
enhanced flux dissipation. The same argument can be
used to explain the rapid flux loss observed as the
magnetic field is reduced, since also in that case the
gas ionization becomes less efficient as the azimuthal
electric field — which is proportional to dBe/dt — is
primarily responsible for that process. Future
experiments under improved ionization and plasma purity
conditions should help to clarify this situation.

3.2. Separatrix dynamics

A formalism developed by Tuszewski (4) was used
to calculate the separatrix profile at different times
during the early formation stages of the FRC, on the
basis of measurements of the excluded flux radii
performed at seven axial locations spanning half a
coil length. The measurements were done for the same
operating conditions discussed in the previous point.

Figure 2 illustrates a typical result for the
separatrix dynamics. Measurements were extended up to
2.4 ysec after the firing of the main capacitor bank
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and within that time interval are compatible with the
results of a crowbarred theta pinch with a relation
Bc/Be=0.6, where Be is the peak external field and Bc
is tne value of the crowbar field.

The axial contraction speed determined from the
results presented in Fig. 2 is approximately constant
and has a value v= 8.8 cm/ysec. This result was
verified using a 14-head axial magnetic probe placed
on the axis of symmetry of the configuration, which
yielded contraction velocities of the x-points within
the experimental error of the values obtained with the
diamagnetic loops. The measured velocity for Fig. 2
can be compared with the value given by (5):

v(cm/psec)= 24
•Be(kG)BlQ(kG) (1-Blo/Be)

1/2

(2)

which applies well to spontaneous reconnection
machines. B*e indicates the average external magnetic
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FIG. 3. Separatrix radius as a function of gas fill pressure.

field during the axial contraction, B l o is the lift-
off magnetic field, p o is the fill pressure and AJ is
the ion-to-proton mass ratio. For our particular
conditions, T$g= 3 kG, Blo= 0.36 kG and for p = 7 mTorr
we obtain v= 9.1 cm/ysec, which agrees within 3% with
our measured value.

It is clear from the results presented in Fig. 2
that the axial contraction is in full progress and far
from equilibrium 2.4 ysec after firing the main
capacitor bank. The lack of a complete axial
contraction is also evident from the excluded flux
signals, which do not show any diamagnetism increase
following the radial compression.

The separatrix radius can be related to the lift-
off magnetic field B^o and the trapped flux at the end
of the radial compression, $*„, using the expression
(5):

rs = 1.41 rw(Blo/f>Be)
1/3 (3)

where
average lo

beta
and it has been assumed that the

factor <8>= l-0.5(rs/rwj
2. Figure 3
obtained from

/rw)
luespresents a comparison of the rs va

diamagnetic measurements and from Eq.(3), where f& was
determined from magnetic probe data, and indicates a
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satisfactory general agreement between both approaches
to determine r_. The rapid decrease of r_, with fill
pressure can Se interpreted in terms or poor gas
ionization, as discussed in the previous section. On
the other hand, the slight decrease of r^ observed at
the high pressure limit could be explained in terms of
a slower reconnection of the magnetic field under
those conditions, leading to a lower plasma density in
the closed line configuration.

4. CONCLUSIONS

From the present experiments it can be concluded
that the separatrix evolution, in terms of the r g
values obtained after the radial compression and of
the measured axial contraction velocity, is in
reasonable agreement with existing semi-empirical
formation models. Regarding the trapped flux retention
at lift-off, although under certain conditions we have
been able to measure retention factors which are in
reasonable agreement with existing data, the general
trend of our results differs considerably from the
scaling predicted by Eq.(1).

The observed discrepancy opens up the question of
whether the scaling determined in the present case is
only the result of plasma purity effects, which could
be removed using a cleaner vacuum system, or if in
fact the scaling is sensitive to other parameters of
the experiment. Work is in progress to clarify these
issues.
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Abstract

STABILIZATION AND CONFINEMENT OF FIELD REVERSED CONFIGURATION (FRC)
PLASMAS.

The theory of multiple field suppression of the n = 2 rotational instability was improved to
include the effect of finite plasma column length, where the displacement due to the perturbation was
assumed to be inhibited at both ends of the plasma column. Then, the wavelength of the perturbation
in the axial direction is finite so that the strong axial field outside the separatrix acts to suppress the
instability. By using the improved theory, the threshold multipole field to suppress the instability was
calculated for each experiment conducted so far. The theoretical threshold was shown to agree with the
experimental value within an error factor of 2. The theoretical study also suggested the possibility of
dynamic stabilization of the n = 2 rotational instability by applying an alternating axial current to FRC
plasmas, whose angular frequency is much higher than the growth rate of the instability. The dynamic
stabilization experiments started by using the newly constructed NUCTE-HI machine. Preliminary
experiments showed that application of the alternating axial current delayed the moment of onset of the
n = 2 rotational instability. The fine radial density distribution measurements were done on the PIACE-
II machine, where a seven channel interferometer was used to obtain the line integrated density distribu-
tion. Data analysis was carried out on the stable period from the end of the FRC formation up to the
onset of the n = 2 rotational instability. The resistivity at the magnetic axis was inferred from the
obtained density distribution and other parameters and the inferred resistivity was two or three times
higher than the impurity-free classical resistivity. The scattering of the inferred values of the resistivity
at the separatrix was so large that it could not be decided whether anomalous resistivity as predicted
by the LHD instability theory prevailed at the separatrix or not.

1. INTRODUCTION

Field reversed configurations (FRC), which are closed magnetic field configu-
rations without toroidal field, are usually generated by theta pinches with reversed
bias magnetic field. For a long time, FRC plasmas as well as theta pinch plasmas had
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suffered from the n = 2 rotational instability; its control had been the most important
problem. Several years ago, we found that weak multipole fields were effective in
suppressing the instability [1]. Since then, experimental and theoretical studies on the
suppression of the instability have been carried out extensively, and a suppression
technique has been established. The present paper reports the results of these studies.

Now that we are successful in suppressing the instability which is the only gross
MHD mode observed experimentally, the main physics issues are shifting towards
confinement of FRCs. The present paper also reports recent experiments with density
distribution measurements, which yield useful information on the particle and mag-
netic field diffusion processes in FRCs.

2. SUPPRESSION OF THE n = 2 ROTATIONAL INSTABILITY

Immediately after the discovery of the multipole field suppression of the n = 2
rotational instability, the theoretical analysis was done on the basis of an MHD
approximation, to obtain the threshold field strength Ba as

where rs, 0, and p are the radius, the rotational angular velocity and the mass den-
sity of the plasma column, respectively, 2m is the order of the multipole field, and
Ho is the permeability of free space [2]. Each experiment gives the experimental
threshold Baexp, which is usually smaller than the theoretical threshold ba computed
from the obtained plasma parameters. As is seen from Table I, the ratio
AeXp (= Baexp/Ba) ranges from 0.19 to 1.0 according to experiments. To attain good
agreement between the theoretical and the experimental thresholds, the multipole
field suppression theory was improved.

Furthermore, dynamic stabilization of the rotational instability by an alternating
axial current was studied theoretically and experimentally.

2.1. Theoretical analysis of rotational instability suppression

In the previous theory, we limited our consideration to a perturbation of
infinitely long wavelength in the z-direction, excited in an infinitely long plasma
column rotating around its axis.

In the present theory, we assume that the displacement due to the perturbation
is prohibited at both ends of the plasma column so that only standing waves of
wavelengths of 2^/K (K = 1, 2, 3, ...) in the z-direction can be excited. Then, the
strong axial field Bw is expected to exhibit a suppression effect on the instability. On
the basis of the MHD approximation with the above assumption, theoretical analysis
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TABLE I. PLASMA
FOR SUPPRESSING
Aexp = Baexp/Ba, A,), =

PARAMETERS AND THRESHOLD FIELD STRENGTH
THE n = 2 ROTATIONAL INSTABILITY
= Ba,th/Ba; a is the pitch of the helical winding.

N^arameters

N^Units

Experiments

PIACE

TRX-1

FRX-C

SUCTE-TL

0CT-L1

FRX-C/T

OCT-L1

m

2

4

2

2
2
2
2
2

4

2
2

2
2

a

rad/m

0

0

0

0
1
2
4
6

0

0
6

0
3 . 4

r S

cm

3 . 5

6 . 3

9 . 5

3
3
3
3
3

8

11
11

8
8

m

0 . 5

0 . 7

1 . 0

1
1
1
1
1

0 . 9

2
2

0 . 9
0 . 9

3 /(2r3

7 . 1

5.6

5 .3

17
17
17
17
17

5 . 6

9 . 1
9 . 1

5 . 6
5 . 6

» B w

kG

7

5.4

7.3

4
4
4
4
4

1 . 6

3 . 6
3 . 6

1.5
1.5

Ba,exp

kG

1.2

0 . 8

0.52

1 . 6
1 . 0
0 . 7
0 . 4
0 . 3

0.13

0.25
0.34

0.25
0.10

B a

kG

2

1.2

2 . 4

1 . 6
1.6
1.6
1.6
1.6

0 . 2

1 . 0
1 . 0

0.275
0.275

Aexp

0.60

0.67

0.22

1 . 0
0.63
0.44
0.25
0.19

0.65

0.25
0.34

0.91
0.36

A t h

0.58

0.61

0.23

0.97
0.93
D.87
0.71
0.60

0.40

0.32
0.41

0.46
0.20

was done on the suppression effect of multipole fields produced by helical windings
of a in pitch as well as by straight bars. The formula obtained for the theoretical
threshold Bath was used to calculate the Ba?th of each experiment and the results are
given as the ratio A^ of the Bath to the Ba in Table I. The ratio Ath agrees with the
ratio Aexp within an error factor of two. The dependence of the ratio A^ on the pitch
a agrees qualitatively with that of the ratio AeXp on the pitch a for the NUCTE-II,
FRX-C/T and 0CT-L1 experiments.

The effect of application of an alternating axial current on FRCs was also
studied. The theoretical analysis shows that, when the amplitude Ba of the alternat-
ing azimuthal field just outside the plasma column is greater than rs|Q|V/^0/9 , the
plasma column is stable, provided that the angular frequency fl' of the alternating
current is much higher than the rotational angular velocity fi.

2.2. Experiments of dynamical stabilization of rotational instability

The application of an axial current to FRCs has been studied on NUCTE-II to
find the upper limit of the current beyond which the plasma column is destroyed [3].
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(a) WITHOUT AXIAL CURRENT

40 60 80

(b) WITH AXIAL CURRENT

0.5

0 20 40 60 80

DISCHARGE TIME (JJS)

FIG. 1. Output signals of the two photodiodes A and B to indicate the n = 2 rotational instability.
A: vertical, B: horizontal.

A large bore device NUCTE-III was constructed to increase the upper limit of the
axial current up to 50 kA. In this device, the FRC is confined in the axial field which
has a 4 /JLS rise time, a 7 kG peak field and a 120 /is decay time. The xs value (i.e.
separatrix radius/coil radius (17 cm)) of the produced FRC without axial current is
about 0.4 at the axial midplane, and the e-folding decay time of the xs is 50 to
60 ixs. The length of the separatrix is 40 to 50 cm through the discharge. The dynami-
cal behaviour of the plasma column is observed by two photodiodes which look at
the centre of the plasma column vertically and horizontally. The out-of-phase oscilla-
tions on the output signals of the photodiodes mean the growth of the rotational insta-
bility (Fig. l(a)). The angular frequency of the rotation U is initially about
2.5 X 105 s"1 and decreases with time. The radially averaged density rie and the
total temperature Tj + Te at the stable phase are (5.5-6.9) X 1021 rrr3 and
(1.7-2.1) x 102 eV, respectively.

An axial current is applied to this FRC before the onset of the rotational instabil-
ity. First, a crowbarred current is applied to the FRC. The peak current is 20 kA,
and the decay time is matched to the axial field. By this current, the FRC is destroyed
before the rotational instability grows. Secondly, an alternating current is applied to
the FRC. The current does not change the lifetime of the FRC, even if the magnitude
is almost the same as that of the crowbarred current. The growth of the rotational
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instability is weakened by the current. The effect becomes clear with increase of the
frequency. An experimental result is shown in Fig. l(b). The current which has
22 kA amplitude, 4.2 x 105 s~' angular frequency and 30 jts duration is applied at
t = 3 fxs. The amplitude of the oscillation is kept low while the current is applied.
The out-of-phase oscillation appears 40 /xs after the current has been damped. The
strength of the azimuthal field at the peak of the alternating current is about 650 G
on the separatrix. The ratio of the azimuthal to the axial field is
about 0.13.

3. CONFINEMENT PROPERTIES OF FRC PLASMAS

Experimental results on transport have so far mostly been obtained by global
estimations of the decay of the particle inventory, rN, and of the magnetic flux, T$,
inside the separatrix volume. To develop the transport study further, we have carried
out fine density profile measurements from which the local electrical resistivity was
inferred.

Experiments were performed with the PIACE-II machine. An axial array of
nine compensated loops were used to determine the separatrix shape and the excluded
flux. Seven interferometer chords were arranged radially at the midplane. The central
chord intersects the geometrical axis, and the other chords observe the region around
the separatrix where the density gradient is steep. The data analysis was carried out
during the stable period between the termination of FRC formation and the initiation
of the n = 2 rotational instability. During this period, the plasma column rocks
around its equilibrium position without any significant deformation so that each chord

FIG. 2. (a) Typical line integrated density nt and (b) inverted radial density n(r) distributions.
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TABLE II. INFERRED RESISTIVITIES AND RELATED PARAMETERS
DURING QUASI-STABLE PERIODS
nm is the peak density and 2<T> = B*/2/t0nm. Data No. 1, 2, 3a, 3c and 4a are
from the spline method, and 3b and 4b from RRP fitting. 4a and b are for the same
discharge time as are 3a and b, but 3c refers to a different time interval of the same
shot.

^^Parameters

^VjJnits

Data N o . ^ s ^

1

2

3 a

b

c

4 a

b

10~6ohm-m

-2.7

-2 .3

-2 .4

-1.6

-1.5

-1 .8

-2.5

10~6ohm-m

-11.1

-10.2

-3.6

-3 .0

-6 .7

- 1 1

- 1 4

• p s

- 2 8

- 2 8

- 4 3

- 5 1

- 6 0

- 6 8

- 7 0

TN
ps

- 3 3

- 2 2

- 4 5

- 4 2

- 3 5

- 7 8

- 5 3

x s

-0.44

-0.39

-0.43

-0.44

-0.44

-0.62

-0.64

10 2 1 m"3

-6.4

-6.8

-6.0

-5.9

-5.9

-2.8

-2.9

<T>

eV

-250

-260

-260

-260

-260

-130

-130

changes its position relative to the plasma column. Therefore, the time history of the
integrated density obtained by each channel shows the spatial distribution of the
integrated density over the region where each chord sweeps. In practice, we utilized
three to ten data of the integrated density from each signal.

To determine the density distribution, we applied three kinds of data analysis:
rigid rotor profile (RRP) fitting, a quasi-steady diffusion equation (DEQ) adapting
and cubic B spline function interpolation (CBS). Typical line integrated density and
radial density distributions are shown in Fig. 2, where RRP fitting is used and the
28 asterisks in Fig. 2(a) are the data obtained by the experiment. The DEQ and CBS
methods may yield very similar curves; the latter method is not, however, applicable
when the radial distribution of the data points is biased.

The electrical resistivities, TJR and »js, at the magnetic axis and the separatrix,
respectively, were inferred from the radial density distribution determined and other
parameters measured such as rN and T0. AS is seen from Table n, the values of the
resistivity differ from one to another even for the cases where the plasma parameters
are similar. The resistivity ijR at the magnetic axis exceeds the impurity-free classi-
cal resistivity by a factor of two to three. This agrees with the theoretical assumption
adopted so far [4]. From the values obtained for rjs at the separatrix we cannot,
however, decide whether the anomalous resistivity predicted by the LHD instability
theory prevails at the separatrix or not.
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4. CONCLUSIONS

The theory of multipole field suppression of the n = 2 rotational instability was
improved to yield the theoretical threshold field needed to suppress the instability;
this field agreed with the experimental value within an error of a factor of 2.
Dynamical stabilization of the n = 2 rotational instability by alternating axial current
was suggested theoretically, and the delay of the onset time of the instability due to
the application of the current was observed experimentally.

A fine density distribution measurement made it possible to infer the local
resistivity. The experiment confirmed that the resistivity at the magnetic axis was two
to three times greater than the impurity-free classical resistivity.
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Abstract

GRAD-HOGAN DIFFUSION IN FIELD REVERSED CONFIGURATIONS.
The Grad-Hogan theory for slowly diffusing plasmas is applied to FRCs. Within this context,

assuming uniform but time dependent plasma temperature, it is possible to show that the time evolution
of FRCs can be described as a continuous sequence of equilibrium states, satisfying proper boundary
conditions, in which the functional dependence of the pressure on the poloidal magnetic flux remains
fixed. The time evolution is found by requiring that the diffusion velocity does not become singular at
the O-point. The method is applied to the Hill vortex model.

1. INTRODUCTION

Field reversed configurations are compact toroidal configurations in which the
plasma is confined by poloidal magnetic fields only and no external conductors are
linked with the toroid. Field reversed configuration geometry is essentially bidimen-
sional, and this should be relevant in computing lifetimes. Their topology has been
taken into account using the stationary model for slowly diffusing plasmas by Kruskal
and Kulsrud [1-3], and the resulting particle lifetimes are within a factor of two to
three greater than those experimentally observed [4-6]. However, the stationary
model has several faults. It implies that the fields do not decay in time and it assumes
that a plasma source exists in order to maintain the total number of confined particles
constant. Moreover, consistency with stationarity implies quite special temperature
profiles [2, 3] and the resulting plasma diffusion velocity always presents some
singularity.

Owing to all these problems it should be of interest to find some other way to
compute the resistive decay of FRCs with less strong assumptions and closer to
reality. Here we essentially apply Grad-Hogan theory for slowly diffusing plasmas
to FRCs [7], showing that it is possible to calculate plasma density, pressure, temper-
ature and size, together with magnetic flux as functions of time. The analysis will
be restricted to uniform but time dependent plasma temperature and the method
developed in Section 2 will be applied to the Hill vortex model.

On leave from Comisi<Jn Nacional de Energia Atdmica, Buenos Aires, Argentina.
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2. DECAY MODEL

We will use cylindrical co-ordinates r, <f>, z and cm/g/s units. We also assume
that the FRCs are axisymmetric and symmetric to the equatorial plane z = 0, that
they have only one 0-point and that the plasma is not rotating. Moreover, we restrict
our analysis to a neutral plasma formed by electrons and singly ionized ions and,
since experimental temperature profiles seem to be quite flat, we assume uniform but
time dependent temperature T = Te + T; (this allows us to neglect thermal conduc-
tivity in the heat balance equation). Therefore, neglecting inertial effects in the
momentum balance equation, the following resistive MHD equations will describe
our diffusion problem:

d(> + V-(pv) = 0 (1)
dt

Vp = - ( f x B ) (2)
c

— 4 - JT —
V X B = — j (3)

cv x E = - ~ (4)
at

f = WE + j ( v x B)j (5)

(6)

V.^±r

Owing to axisymmetry Eq. (2) can be reduced to the classical Grad-Shafranov equa-
tion for the poloidal magnetic flux ^(r,z,t) and, since p = pC$f\t) and T is uniform,
it follows also that p = p(^, t) . This allows us to write terms like v- V (p or p) as
d(p orp)/dst v- V1^. Taking this into account and using Eqs (1) and (2) we can trans-
form Eq. (7) into

at
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where the dot indicates time derivative. Ohm's law can also be written

. _ 4i[W_ 3p Q

which allows us to transform Eq. (8) into

s i 0
2 v

 T
at a * at 2 v

 T

Since the most general expression for p will be

. p = E p- ( t ) *m

m=0

from Eq. (10) it follows that

m=0 m=0

Equating the powers of ¥ we get the following remarkable result:

5/2

m=0

The subscript 0 indicates values at t = 0 and the km's are constants defined in such
a way that

p(r,z,O) = £ km
: m=0

Equation (13) implies that, for uniform temperature, plasma diffusion does not
change the functional dependence of the pressure on * . This allows us to use a family
of equilibria (corresponding to a certain choice for the km's), satisfying proper
boundary conditions for describing the continuous sequence of states that the system
will reach during decay. Generally each equilibrium of a given family will be charac-
terized by one proper parameter. The temporal behaviour of such a parameter will
be found by requiring that the component normal to flux surfaces of the diffusion
velocity arising from Ohm's law does not become singular at the O-point, i.e.
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In the following sections we will apply our method to some cases of interest in which
p is linear with ¥ inside the separatrix and p = 0 outside. In this case we have to
assume that particles reaching the separatrix are immediately lost, so a sink has to
be introduced at the plasma boundary.

3. SPHERICAL HILL VORTEX

A spherical Hill vortex can be represented by

where a is the separatrix radius. Correspondingly, outside the separatrix

If we choose as a boundary condition that far from the separatrix B = -Be z , with
B independent of time, the only parameter that could vary with time is the separatrix
radius a. Since dpld^f oc a"2, from Eq. (13) it follows that T oc a"4'5. Assuming a
Spitzer-like conductivity a oc T3/2 and since the 0-point is located at r = a/V2,
z = 0, from Eq. (14) we obtain the following solution for the separatrix radius

*4

TR = iraoao/(5c2) being a typical resistive time of the initial configuration. Expres-
sion (17) formally solves the problem of the resistive decay of a spherical Hill vortex
in a uniform external magnetic field. It can be seen that the separatrix shrinks and
disappears after t = 2.5rR. As a result the e-decay times of the magnetic flux, the
confined particles and the thermal energy in TR units are: TF = 0.825, rN = 0.475
and rE = 0.585.

4. PROLATE HILL VORTEX

In the case of a prolate Hill vortex ^ has analytical expressions inside and
outside the separatrix [8-10]. It can be shown that if the external magnetic fields
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FIG. 1. Time evolution of the maximum poloidal magnetic flux (F), thermal energy (E), number of
confined particles (N) and elongation of the separatrix (b/a)for a prolate Hill vortex with initial elonga-
tion equal to 5. F, E and N are normalized to their initial values.

b/a

- 1

FIG. 2. Time evolution of the maximum poloidal magnetic flux (F), thermal energy (E), number of con-
fined particles (N) and elongation of the separatrix (b/a) for a prolate Hill vortex with initial elongation
equal to 1.5. F, E and N are normalized to their initial values.

necessary to maintain the equilibrium are fixed, the proper parameter describing
the equilibria is the separatrix elongation b/a (a being the radius of the separatrix
and b its half-length) [10]. From Eq. (14) it is possible to obtain an equation for b/a
which has to be solved numerically. The results are shown in Figs 1-3. In Fig. 1 the
maximum poloidal magnetic flux trapped in the plasma, F, the thermal energy of
the plasma, E, and the total number of confined particles, N, all normalized to
their initial values, are shown as functions of T = t/rR (rR = xa0ao/[c2(4 + alibi)])
together with the evolution of the elongation of the separatrix, for bo/ao = 5. In
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FIG. 3. e-decay times of poloidal magnetic flux (TF), thermal energy (r^ and number of confined
particles (TN) as functions of the initial elongation of the separatrix (bg/a^j for a prolate Hill vortex.

Fig. 2 the same quantities are shown for bja^ = 1.5. In Fig. 3 the e-decay times of
F, E and N are shown in rR units as functions of the initial elongation of the
separatrix. We do not show e-decay times for 1.61 < IVao < 1.9 since in this
range the total energy of the system must increase, as is shown in Ref. [10], so we
have to consider this interval as forbidden. For b0/ao < 1.61 the elongation always
decreases, approaching the spherical case. For bo/ao > 1.9 the elongation always
increases on a typical TR scale. This different behaviour is due to the existence
of a bifurcation point in the parameter space of the equilibria considered at
b/a = 1.61 [10].

5. CONCLUSIONS

Comparison with experimental data is meaningful at large bo/ao, and it can be
seen that with Spitzer's conductivity our times are still greater than experimental ones
by a factor of about three [4-6]. This discrepancy may be due in part to the existence
of some anomaly in the conductivity and also to the fact that the Hill vortex is an
oversimplified model of the experimental situation.

Our simple examples show a quite different behaviour in FRC decay depending
on whether bo/ao is less or greater than 1.61, owing to the existence of a bifurcation
point in parameter space [10]. It is interesting to note that analogous behaviour has
been observed in the FRX-C experiment at Los Alamos National Laboratory [4, 11].
Discharges at 20 mtorr deuterium filling pressure showed an FRC separatrix that
extended almost the entire coil length; its length did not change appreciably while its
radius diminished during decay. The resulting flux, energy and particle lifetimes
were comparable. At 5 mtorr the FRC separatrix was considerably shorter than the
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coil length and contracted axially, maintaining its radius almost constant. The meas-
ured energy and particle lifetimes were about one fourth the corresponding flux life-
time. As can be seen, it seems just as if a bifurcation point in the corresponding
parameter space were crossed in going from 20 to 5 mtorr. The observed degradation
in particle and energy transport properties should be due to the intrinsic behaviour
of shorter equilibria inside the coil and not to anomalies in the conductivity as has
been suggested [4, 11].
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Abstract

THE TILT MODE, TURBULENCE AND TRANSPORT IN FIELD-REVERSED
CONFIGURATIONS.

MHD and kinetic studies are reported for the tilt mode in field-reversed configurations (FRCs)
to explain the observed gross stability of experiments. The studies are within the contexts of two physical
models: resistive MHD and the Vlasov-fluid model. A strongly stabilizing tendency due to kinetic
effects has been found. Most likely a combination of profile effects, ion kinetic effects and non-linear
effects will be required to understand the observed gross stability. Analytic studies and numerical simu-
lation have been used for investigating turbulence and transport in FRCs. A conclusion is that FRC
transport laws should not be based on lower hybrid drift modes localized near the separatrix, but should
be based on low-frequency turbulence occurring throughout the FRC profile.

A field-reversed configuration (FRC) is a compact toroidal (CT)
plasma confinement geometry with negligible toroidal magnetic field (Fig.
1). Plasma confinement is provided by a poloidal magnetic field associated
with diamagnetic toroidal current carried by the plasma toroid. Such a
configuration has intrinsically high (3 (the magnetic field vanishes on a
circle in the plasma core), and may be translated and compressed. These
features make the FRC attractive as a confinement geometry for magnetic
fusion. Elongated (prolate) FRCs have been produced in a number of
experiments and have demonstrated macroscopic stability. When the
rotational n = 2 mode is controlled by external multipole fields, plasma
confinement for the order of 100 axial Alfven transit times is observed.
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Open Field Region
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FIG. 1. FRC geometry.

Information about field-reversed configurations can be found in two review
articles [1,2].

An outstanding theoretical problem of great importance in research
on FRCs is the explanation of the observed stability of FRCs to the
internal tilt mode. For example, in the Los Alamos FRX-C experiment,
FRCs showed no evidence of the internal tilt mode during experimental
lifetimes of up to 300 /Lts, which is over an order of magnitude longer than
the expected ideal MHD growth time. Finite-Larmor-radius (FLR) theory
is inappropriate for the FRC configuration and the observed stability
has not been explained by FLR theory [3]. We are engaged in MHD
and kinetic studies of the tilt mode that are aimed at explaining the
observed stability in FRC experiments. These studies are within the
contexts of two physical models: resistive MHD and the Vlasov-fluid
model (collisionless ions, massless fluid electrons) [4]. Computer codes that
implement both linearized and fully nonlinear versions of these models are
being used. Our results do not yet provide an adequate explanation of the
observed stability, although a strongly stabilizing tendency due to kinetic
ion effects has been observed. The effects of plasma rotation appear to be
unimportant. It seems most likely that a combination of profile effects,
ion kinetic effects and nonlinear effects will be required to understand the
gross stability of FRCs.

The theoretical and simulational evidence for interior turbulence in
FRCs is overwhelming [5,6]. For investigating the important subject of
turbulence and transport in FRCs, we use both analytic studies and
numerical simulation. A conclusion of our investigations is that FRC
transport laws should not be based on lower-hybrid-drift (LHD) modes
localized near the separatrix, but should be based on low-frequency
turbulence occurring throughout the FRC profile. Previous simulations
of the racetrack region of an FRC on a short time scale have shown that
LHD turbulence develops quickly in the edge region [6]. In our new long-
time simulations, low-frequency modes are present that interact with the
LHD modes. Turbulence eventually develops throughout the interior of
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the FRC and causes destruction of magnetic flux. Work is in progress to
determine transport coefficients in the end regions and the magnitude and
scaling of the flux and particle losses that are implied by the simulations.

1. THE TILT MODE

To follow the nonlinear evolution of the tilt mode, including Hall
effects and effects of rotation in the equilibrium, we are using the resistive
MHD model [7]. An analytic treatment [8] has predicted that the
inclusion of the Hall term can lead to stability for small values of the
parameter s, which is an average number of ion gyro-radii across the
plasma, or for very large elongations. Except near the predicted transition
between stability and instability, numerical results with the resistive MUD
model are in qualitative agreement with the analytic results. However,
just before the predicted transition to stability, the character of the
n = 1 mode suddenly changes and a new mode, with much more radial
structure and a growth rate of about 50% of the MHD growth rate,
becomes dominant. Inclusion of rotation in the resistive model at the
experimentally observed rates has almost no effect unless the rotation
speed at the separatrix is nearly sonic, in which case the character of
the tilt changes. The displacement becomes axial and there is gross
distortion of the separatrix, but the growth rate remains comparable to
that of a nonrotating FRC. Various equilibria have been examined with the
resistive MHD model, including two new classes: PRCs with strong axial
mirrors and FRCs with flux maxima near the ends. No significant
differences in growth rate have been observed among the equilibria that
were examined.

We are using two techniques to study the internal tilt mode within
the context of the linearized Vlasov-fluid model [4]. In this model the ions
are described by the Vlasov equation and the electrons are treated as a
massless, pressureless fluid. The first technique is based on a dispersion
functional that is particularly appropriate for use with multidimensional
equilibria [9, 10]. The dispersion functional is expressed in terms of
autocorrelation functions of certain quantities taken along the equilibrium
particle orbits. The dependent variable for the Vlasov-fluid model is
the magnetic field line displacement £ . By expanding £ in terms of
a finite set of basis functions, a dispersion matrix can be derived from the
dispersion functional. The eigenfrequencies of the problem are the roots
of the determinant of the dispersion matrix and the eigenmodes are the
eigenfunctions of the dispersion matrix corresponding to zero eigenvalue.
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Displacements are presently restricted to be constant on an equilibrium
flux surface and to have no radial component. Plans to remove this
approximation are now being formulated.

Our study with the dispersion functional npprnadi lias brought, to
light a change in the ordering of the growth rates of the modes as s is
decreased. The kinetic mode with the least structure grows more slowly
than its MHD counterpart. However, for s approximately 2 or smaller this
mode is no longer the fastest growing mode. Calculations are being done to
determine how kinetic stabilization changes with plasma elongation. We
observe a decrease in kinetic stabilization with increasing elongation.
Work is in progress to determine the stability of large-s FRCs to which has
been added a hot ion component in addition to the thermal component.

Our second technique for using the linearized Vlasov-fluid model to
examine the internal tilt mode is to solve the equations as an initial-
value problem. The perturbation distribution function is computed from
the linearized Vlasov equation by integration along unperturbed orbits,
thereby avoiding the limitation of a linearized particle simulation that
arises from exponential separation of neighboring particle orbits [11].
Results obtained are in general agreement with the dispersion functional
approach.

We have modeled the nonlinear evolution of the internal tilt mode
within the context of the Vlasov-fluid model with a 3-D particle-in-
cell code (QN3D) [12]. This nonlinear code models the plasma by
using particles for the ions and a massless zero-temperature fluid for the
electrons. These assumptions, along with neglect of the displacement
current in Ampere's law, eliminate high-frequency modes of the plasma
and allow one to study ion kinetic effects on MHD modes. QN3D uses
2-D axisymmetric output from another code [13] to initialize the positions
and velocities of the particles as well as the magnetic field. QN3D is
a very large code, typically using a million particles and a grid size of
41 x 41 X 41. Two extensive calculations are reported, each involving 3000
time iterations. The two calculations correspond to s values of 1.6 and 12.
The estimated linear growth rates for these two cases are in fair agreement
with linear Vlasov calculations. Exact agreement should not be expected
since the initial equilibria used by the nonlinear and linear calculations are
somewhat different. In order to compare the results of QN3D with MHD
predictions, we use a 3-D MHD code, TEMCO [14], to compute growth
rates in the MHD limit. This code, when run with the same equilibrium as
QN3D, gives comparable growth rates in the high-s case. Computations
are now under way to simulate the further nonlinear evolution of the tilt
mode.
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2. TURBULENCE AND TRANSPORT

The interior of an FRC is unstable to a set of low-frequency, high-/?,
electromagnetic drift waves [15]. The electromagnetic nature of the modes
causes rapid radial heat exchange between the interior and the exterior,
as well as particle transport. The magnetic fluctuations produce an
anomalous resistivity in the interior, which reduces the internal magnetic
flux. A weak turbulence analysis based on these unstable modes has
been used to derive particle, flux and energy loss rates, which agree with
experiment over a wide range of parameters. An analysis of three-wave
interaction between the low-frequency modes and LHD waves indicates
that the low-frequency turbulence can reduce the level of lower-hybrid-
drift wave turbulence; this agrees with both the null measurements of
LHD turbulence in TRX-2 [16] and the opposite result in the Garching
theta pinch INTEREX [17]. These results confirm that low-frequency
modes are necessary ingredients for describing FRC transport.

Our particle simulations [18] examine the microstability properties of
an FRC with infinite axial extent and planar geometry. In this geometry,
the racetrack region is approximated by a planar slab and the end regions
are absent. The plasma evolution is described by a finite-electron-mass
hybrid code in which the ions are kinetic and the electrons are a finite-
mass charge-neutralizing fluid. Waves characteristic of the lower-hybrid-
drift instability quickly grow in the region near the separatrix where the
driving density gradient is large. Nonlinear waves ultimately fill the entire
region. As the simulation is run for longer times, lower-frequency waves
enter the simulational domain and interact with the higher-frequency
waves. There is some evidence that the saturation amplitude of the
higher-frequency waves near the separatrix decreases in time. Although
no classical Coulomb collisions are included in the model, magnetic flux
is nevertheless destroyed at later times. The time that elapses before flux
destruction commences scales approximately with Vi/rs, where Vi is the
ion thermal speed and rs is the separatrix radius.
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Abstract

SPHEROMAK CONFINEMENT IN PERFECTLY CLOSED MAGNETIC SURFACES NEAR THE
ENTRANCE HOLE OF THE FLUX CONSERVER.

All magnetic surfaces are shown to be closed in the flux conserver by the choking magnetic field.
Detailed measurements of the magnetic field configuration show the existence of a flux hole. The toroi-
dal magnetic field vanishes in this flux hole. The radius of the flux hole depends on the strength of the
applied external choking field. The flux hole increases the magnetic shear near the plasma surfaces and
has a stabilizing effect. .

1. INTRODUCTION

In the CTCC-II spheromak experiment (Osaka University), the gun generated
plasma is confined in a spheroidal aluminium flux conserver (FC) with a choking
coil. This coil current feeds the additional magnetic field to close all magnetic sur-
faces into the FC perfectly, i.e. the entrance hole for plasma injection is closed by
the magnetic field. Hence, the plasma is confined in the effectively closed metal FC.

* Supported by a grant-in-aid for fusion research by the Ministry of Education, Japan.
' Present address: Institute of Scientific and Industrial Research, Osaka University, Suita,

Osaka, Japan.
2 Present address: Nuclear Fusion Development Department, Mitsubishi Electric Corporation,

Chiyoda-ku, Tokyo, Japan.
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(0.8mm sus)

^486 Coil Specification
lOturns

Flux conserver
(15fnm Al)

^372
^340
^300
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..30mm Al

^100
^280

1.D #800

FIG. 1. Experimental set-up with choking field coil in CTCC-II device.

The standing problem of the spheromak in the FC is to improve its poor energy
confinement, whose characteristic time is less than 0.1 ms, at present. The energy
loss is considered to be mainly due to two causes. One is the existence of the entrance
hole in the FC, and the other is the presence of impurities and neutral hydrogen. The
present paper concentrates on the former problem.

2. EXPERIMENT

The present experiments are carried out with an axisymmetric spheroidal FC,
which is made of 15 mm thick aluminium and is provided with a choking field gener-
ating coil (Fig. 1). This coil is to generate an additional magnetic field suppressing
the leakage of the spheromak field along the injection duct. The coil is covered by
a thin stainless steel plate. Its effective inductance is about 38 pH, and the maximum
ampere turns are designed to be 100 kAT, which value is nearly equal to the total
toroidal current of the plasma. The coil current is designed to be 23VC kAT at the
peak value, where Vc (kV) is the charge voltage of the capacitor. The injection duct
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FIG. 2. Temporal evolution of good plasma condition.

is also made of 0.8 mm thick stainless steel in order to ensure good penetration of
the choking magnetic field. The characteristic rising time of the choking magnetic
field is about 0.1 ms. This resistive part of the FC acts as an effective plasma current
Iimiter (to be called EPCL in the following), which stably produces a currentless
region for the confined spheromak plasma around the geometrical axis (see
Section 3.2).

To measure the magnetic configuration in greater detail, the magnetic probe
array (30 channels) is inserted from near the wall across the geometrical axis in the
midplane. The insertion of probe arrays reduces the plasma lifetime r to about half
of its value.

3. RESULTS

The experimentally obtained plasma parameters are ne = (2-3) X 1019 m"3

and Te = 30-50 eV; r is significantly improved to a value of about 1.2 ms on aver-
age and 1.5 ms at maximum. In the confinement phase (0.1 ms after the plasma
production), intermittent instabilities, called stepwise instabilities, are sometimes
observed [1]. These instabilities are due to current concentration stemming from spa-
tially inhomogeneous plasma resistivity. Figure 2 shows the typical time evolution
of the poloidal magnetic field in the midplane, the average electron density at a chord
of 0.29 m radius, and a line radiation signal from O VI (1032 A). The occurrence
of the stepwise instabilities is, typically, recognized at about 0.25 ms.

3.1. Formation of perfectly closed magnetic surfaces near the entrance region

The spheromak confined in the FC is elongated into the entrance region. The
magnetic field of the spheromak is shown experimentally and numerically to be
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without choking field with choking field

Ch.l

Kms) t(ms)
( a ) (b)

FIG. 3. Magnetic field Bt at geometrical axis, showing a perfectly closed magnetic surface in the FC:
(a) no choking field; (b) choking field applied.

closed perfectly in the FC by the applied choking field. Figure 3 shows the typical
time evolution of the z-components of the magnetic field at 250 mm (Ch. 1), 200 mm
(Ch.2) and 0 mm (Ch.3) from the midplane of the FC. Without choking field
(Fig. 3(a)), the separatrix is found to be elongated into the entrance region from the
signals of Ch. 1 and Ch.2. On the other hand, when a suitable choking field is applied
0.2 ms after the gun has been fired (Fig. 2(b)), the magnetic field of Ch. 1 changes
to negative values after 0.25 ms and that of Ch.2 decreases to zero after 0.36 ms,
and in the following, remains at zero level. This indicates that the separatrix is com-
pressed into the FC. Therefore, a perfectly closed spheromak is realized during the
resistive decay process. It does not suffer from tilting and shifting instabilities, but
is still subject to stepwise instabilities.

3.2. Effects of choking field on magnetic configuration

The experiments show clearly that the plasma has a flux hole (FH) in the FC
without central conducting pole (CCP). An example of the experimental results is
shown in Fig. 4. Figure 4(a) shows the typical results in the case of no choking cur-
rent. No toroidal magnetic field exists in a region of about 0.06-0.08 m radius
around the geometrical axis, which is a real indication that the FH does not contain
any plasma current. On the other hand, when the choking field is applied 0.05 ms
after plasma injection, scarcely any FH is observed (Fig. 4(b)). The formation of this
FH is highly reproducible, and there is clear evidence of its disappearance when
choking field is applied.
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FIG. 4. Toroidal magnetic profiles: (a) no choking field; (b) choking field applied.

This FC has an EPCL made of the resistive wall with a short characteristic time
of flux penetration (0.1 ms). This part works effectively for the formation of the cur-
rentless region and creates a configuration of good stability due to the high magnetic
shear (Fig. 5). The theoretically estimated radius of FH is about 0.07 m, when
\. = 0. This fact supports the above-mentioned formation mechanism of the FH.

3.3. Character of a flux hole

Figure 6 shows data profiles averaged from 0.15 ms to 0.25 ms after plasma
production. Figure 6(a) shows the profile without choking field and Fig. 6(c) shows
the profile when the choking field is applied. To investigate the FH, in greater detail,
the functional form of the poloidal current flux function 1(9) I = I / I^) is assumed
to be given by [2]

- 8] (1)

where 9 is the poloidal flux function (¥ = * /* a x i s ) , c is a constant, H(x) is Heavi-
side's step function, ^ h is the value of ^ at the surface of the FH, and 8 is a shaping
parameter for the current profiles of the plasma periphery. These parameters
are determined by the measured profiles, and the Grad-Shafranov equation is solved
on the assumption P(^) = 0. The profiles of Bt and Bp obtained from the solution
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FIG. 5. Equilibrium configuration for IJIp = 0.15. The contours represent the magnetic surfaces.
Equations (1) and (3) with 5 = 0.15 are assumed.
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/7G. 6. Average profiles of data measured from 0,15 to 0.25 ms after plasma production: (a) magnetic
field profiles measured by the probe array in the case of no choking field. Dotted lines: calculated pro-
files assuming $!h = 0.14 and 5 = 0.07; (b) force-free' parameter %, in the case of no choking field;
(c) magnetic field profiles measured by probe array in the case of applied choking field. Dotted lines:
calculated profiles assuming $h = 0.01 and S = 0.10; (d) force-free' parameter % in the case of
applied choking field.
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are depicted by the dotted lines in Figs 6(a) and (c). Clearly, there exists a currentless
region which is about 14% of ¥a>iis in the case of no choking current. On the other
hand, this currentless region almost vanishes in the case when the choking field is
applied. The 'force-free' parameter X(= dl/d^) for these profiles is shown in
Figs 6(b) and (d). ^rh is decreased by applying the choking field, but 5 (the dissipa-
tion of the peripheral current) increases. Therefore, the region in which X is about
constant becomes smaller when the FH decreases.

Thus, the FH can be controlled by the strength of the choking field. The
peripheral plasma region near the FC is found to broaden inversely proportionally
to * h during the confinement phase. For small ^ h , the fluctuations of B, tend to be
large near the peripheral magnetic surfaces.

A currentless region in the outer region near the walls of the FC has also been
observed, but this region is strongly affected by the observing port of FC.

4. STABILITY OF SPHEROMAK WITH FLUX HOLE

Since Bt vanishes in the FH, the magnetic shear in the plasma is enhanced by
the formation of the FH. Therefore, the FH is expected to stabilize the spheromak
plasma like a CCP. The stability of the equilibrium with the FH is studied by using
a model (Fig. 7(a)). In this model, the electrical conductivity, a, of the ellipsoidal
FC is assumed to be infinite, but the a value of the duct is assumed to be finite. Fur-
ther, let us express the condition on the duct in terms of the boundary condition,

(2)
df

where f = r/R, a is a constant, and R the major semiaxis. When a. = 0, the bound-
ary condition (2) represents the case of infinite a; this corresponds to the case of no
duct when a — oo. Therefore, the magnetic surfaces near the plasma periphery inter-
sect the duct when a ^ 0, and the FH is formed by this intersection. Hence, the
boundary condition (2) approximately represents the effect of a being finite during
the confinement phase. The pressure P(^) is assumed to be given by

d"*' R4 h

/-1 _ \T> \ 2 _ C1 _ >Tr\2

(3)
[{(1 - * h ) 2 - ( 1 - 11/2

and the same I(^) as given by Eq. (1) is used. Here, a is constant. The stability of
the equilibrium configuration with FH is investigated by using the Mercier
criterion [3]. The values of /3max for 6 = 0.15 are depicted as functions of a in
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FIG. 7. (a) Model of flux conserver with flux hole. The electrical conductivity of the duct is assumed
to be finite; (b) maximum beta ratio 0max as a function of a for 8 = 0.15. Curve a is for FC without
CCP. Curve b is for FC with CCP of radius 0.06 m.

Fig. 7. From this figure, we conclude that FH has a stabilizing effect with respect
to the internal modes. Although the values of j3max certainly depend on the model
used for the evaluation, these results may be qualitatively correct.

5. CONCLUSIONS

We have obtained the following results and conclusions:

(1) The magnetic surfaces near the entrance hole are confirmed to be perfectly
closed in the FC when a sufficiently strong choking field is applied.

(2) The stepwise instability is still observed, even in the perfectly closed
configuration.

(3) The spheromak has a flux hole region where the toroidal magnetic field vanishes
around the geometrical axis. The flux hole can be controlled by the choking
field.

(4) The flux hole has a stabilizing effect in the same way as a central conducting
pole.
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Abstract

PLASMA FOCUS RESEARCH AT THE INSTITUTE FOR NUCLEAR STUDIES, SWIERK.
The paper presents experimental results of optimization studies undertaken to find means of over-

coming the neutron yield saturation effect observed in the PF-360 facility at the Institute for Nuclear
Studies, Swierk. Measurements of breakdown voltage between plasma focus electrodes and of current
distribution along the inner electrode are presented. The second part of the paper describes first results
of a new gas puffed plasma focus experiment performed with the MAJA-PFD device. X-ray and neutron
emissions are characterized for different static and dynamic gas conditions.

1. INVESTIGATIONS AT THE PF-360 FACILITY [1]

The investigations described have been performed using Mather type 30 cm
long electrodes. The outer electrode was 170 mm in diameter and the inner 120 mm.
An 8 cm long ceramic insulator was of the same outer diameter as the inner electrode.
The outer electrode was composed of 16 rods each 12 mm in diameter.

1.1. Breakdown voltage measurements

It was previously reported [2] that the breakdown voltage between plasma focus
(PF) electrodes measured using a low energy set-up was lower than that measured

- with the PF-360 device in spite of the fact that the electrodes were similar and the
insulator geometry and voltage rise steepness were the same. Careful measurements
have been undertaken to study this phenomenon. It has been found that two points
could be distinguished on the voltage wave: V^t,), when the decreasing resistance
and rising Ldi/dt component have begun to influence the voltage course; and V2(t2),
when the voltage has begun to fall. Values of V b V2, ti, t2, V,/^ and V2/t2 have
been analysed in relation to deuterium pressure, charging voltage and storage bank
capacitance for the breakdown voltage measured with and without an electromagnetic

Section 2.
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screen placed between the inner electrode and the insulator. From these investiga-
tions the following conclusions can be drawn:

— Only a weak dependence of breakdown voltage on deuterium pressure in the
range from 2 to 15 torr has been found.

— Breakdown voltage is a rising function mainly of the storage bank capacitance,
as shown in Fig. l(a).

— Both values of breakdown voltage depend on the charging voltage (more
distinctly at higher bank capacitance).

— t, and t2 depend only on the bank capacitance.
— In the case of electromagnetic screening, lower V,, shorter t! and longer t2

values can be observed.

1.2. Current distribution measurements

Rogowski coils having 343 turns of 8 mm diameter have been placed inside and
around an appropriately built inner electrode at distances of 2.5 cm (position 1) and
13 cm (position 4) from the front of the insulator. The voltage waves have been
integrated on resistances giving the corresponding current traces. These currents
have been compared with the total current measured within the collector. The
measurements presented were made at 90 kJ. The delay tld between the start of the
total current and the current beginning at position 1 and the delay t4d between the
start of the total current and the current beginning at position 4 are shown in
Fig. l(b). From the difference t4d — t]d the velocity vf of the current sheath front
has been calculated. The velocity vb of the current sheath back has been estimated
by comparison of the times needed to equalize the total current and the current in
position 4. From these measurements several conclusions can be drawn:

— The velocity of the current sheath front is higher than the velocity of the current
sheath back.

— The current sheath is broader than was assumed previously.
— During the training of electrodes only a part of the total current is measured in

position 1.
— After the training the currents measured in all positions equalize themselves

after some delay.
— Owing to the large width of the current sheath only a part of the energy can be

used during the radial phase.
— Secondary breakdowns during the radial phase and breakdowns outside the

insulator have been observed.

2. FIRST RESULTS OF A NEW GAS PUFFED PLASMA FOCUS
EXPERIMENT

Recent high current Z pinch and PF experiments have called attention to impor-
tant non-linear phenomena occurring in dense pinch plasmas, and in particular to so-



IAEA-CN-50/C-V-17 739

( a )
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FIG. 1. (a) Breakdown voltages V, and V2 versus capacitance, as measured with and without
electromagnetic screen, (b) Results of current sheath velocity measurements versus pressure: ]: delay
(hd> of current sheath front in position 1 (us); 2: delay (t^ of current sheath front in position 4 (us);
3: 'M ~ 'id fa*): 4: velocity of current sheath front (107 cm/s); 5: velocity of current sheath back
(107 cm/s).

called hot spots, filaments, radiative collapse processes, etc. To make possible inves-
tigation of the phenomena mentioned above, the MAJA ion implosion device [3] has
been adopted for a new gas puffed non-cylindrical Z pinch experiment [4]. This sec-
tion presents the main results of the first series of experimental studies performed
with the new facility.

Two different sets of coaxial electrodes have been designed [4]. In both versions
the inner electrode has been of the tubular type, while the outer electrode has been
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FIG. 2. X-ray emission intensity (a) and average neutron yield (b) versus the valve time delay for differ-
ent gas conditions.

of the squirrel cage type. To make possible the optimization of the initial gas condi-
tions within the interelectrode gap, use has been made of a fast acting electromagnetic
gas valve situated inside the inner electrode. To supply working gas and heavy gas
admixtures the electromagnetic valve has been operated at pressures ranging from 12
to 40 atm.

Several series of discharges have been carried out under different static and gas
puffed conditions, and corresponding current and voltage traces have been analysed.
Under determined experimental conditions current and voltage characteristics similar
to those of the non-cylindrical Z pinch formation have been observed.

Particular attention has been paid to the X-ray emission. Time integrated obser-
vations, as performed with pinhole cameras equipped with thin Be filters, have
revealed the formation of a thin (less than 1 cm dia.) and relatively long (several cm)
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pinch column with some distinct hot spots. Time resolved X-ray measurements have
been performed by means of scintillation detectors. The X-ray emissions have been
analysed and the main characteristics of the X-rays have been determined, as shown
in Fig. 2(a).

Simultaneous measurements of the neutron emission from deuterium discharges
have shown that the neutron yield depends strongly on the initial gas conditions, as
can be seen in Fig. 2(b).

Analysing the results presented in Fig. 2, it can be concluded that at low initial
static pressure an increase in the amount of gas supplied by the valve causes an eleva-
tion of the X-ray and neutron emissions. At the same time, for constant operating
pressure of the valve, a threefold increase in the initial static pressure has a smaller
effect on the X-ray emission but a stronger influence on the neutron yield.

It has been observed that under static gas conditions the neutron yield is
inversely proportional to the soft X-ray emission, as in the ion implosion system [5],
while for gas puffed operation it seems to be directly proportional to the X-ray emis-
sion. This observation suggests different mechanisms of ion acceleration and neutron
production for the cases considered.
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Abstract

FUSION OF HEAVY IONS IN ADVANCED FOCUSED DISCHARGES.
Field distortion elements (FDEs) in the interelectrode gap of focused discharge machines with

a peak current of >0.6 MA have been successfully used for increasing the current density in the pinch
at the stage of maximum compression. A suitable FDE increases the neutron emission per shot, Yn>

by a factor of > 5 as compared with the value of Yn from DD fusion reactions in the same machine
operating under identical conditions but without an FDE. The variations of the current distribution with
and without an FDE (peak current density and current sheath width in the interelectrode gap) are moni-
tored from magnetic probe signals and are of the order of 20%. With a doping by pressure of 2-8%
of the filling gas of the discharge chamber with CD4 or N2 the reactions 12C(d,n)13N(/3+) or
l4N(d,n) l5O(0+), of the order of - 1 % of the DD reactions in the same shot, are detected. The location
and linear dimensions (S100 ^m) of the localized high density regions within the pinch where enhanced
acceleration of ions occurs (with ion trapping or ion emission) are monitored via pinhole camera imaging
of the pinch from pinch ion emission. Novel constraints for the ion acceleration mechanism are estab-
lished from a variety of diagnostic methods, which include a Thomson (parabola) spectrometer with a
nanosecond time resolution for analysing the ions of different species and the ion clusters ejected from
the pinch. With an optimized FDE it is found that Yn = AW2,, A = 1.3 x 108 neutrons/(kJ)2 (where
WQ is the energy in kJ of the capacitor bank which feeds the discharge) for 5 kJ s Wo £ 15 kJ also
at a relatively low voltage (~ 16 kV) of the capacitor bank, and that the misfirings of the machine (i.e.
shots with a low yield Yn) are virtually eliminated. All reaction yields and ion energy spectrum data
are consistent with the view that the bulk of the reactions occur in a multiplicity of localized regions
with a density of >10 2 0 cm"3.

INTRODUCTION. NUCLEAR REACTIVITY IN SUBMILLIMETRIC
DOMAINS

A sizeable quantity of nuclear reactions 12C(d,n)'3N(j3+) or l4N(d,n) 15O(/3+)
are observed in focused discharges (sO.6 MA, 6-7 kJ at 16-17 kV) with a discharge
chamber filling of deuterium and a small quantity of CH4, C3D8 or N2. Specifically,
for fillings with an atomic fraction T; = ncN/(nD + nCN) = 2-15% of C or N
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nuclei, and a mean value of density nD s 1019 cm"3 of D + ions in the compressed
pinch, the observed yield of reactions with high Z nuclei is Yp = a Y2 (a(ri) s 10~2

for r\ = 0.15), where Yn is the neutron yield from DD fusion reactions in
109 neutrons/shot units [1].

The advanced plasma focus machine used in our tests is obtained by inserting
field distortion elements (FDEs) into the interelectrode gap of an optimized system
(Mather geometry). A suitable FDE increases the peak current density in the leading
current sheath between the electrodes by S 10% and Yn by a factor of 5:5-10 as
compared with operation under identical conditions but without FDE, and practically
eliminates the misfiring of the machine [1]. This FDE-induced increase of the plasma
nuclear reactivity without substantial variations of the overall volume of the plasma
pinch reveals a parallel increase of (i) the number of hot spots where nuclear reactions
take place in the pinch [2] and of (ii) the localized sources of highly collimated MeV
ion beams which are ejected from the collapsing pinch [3] within an interval
AT = 10-100 ns, starting from the time to of the surge of non-collisional resistivity
in the pinch [1] (to = time of peak in the electrode current signal |dl/dt|).

The indication that plasma nuclear reactivity is sharply peaked inside hot spots
(with a linear dimension of ^0.1-0.4 mm) embedded in the pinch comes from
(a) pinhole imaging of the pinch via charged particle emission (D+ ions, ion clusters
and 3 MeV protons from DD fusion reactions), as reported in the next section and
(b) consistency conditions for the observed values of Yp, Yn, neutron pulse duration
rn and known energy spectrum d<£/dE oc E"25 of trapped and ejected D + ions with
energy 50 keV < E < 10 MeV [1,2]. One could be tempted to explain the high
values of Yp in localized regions in terms of a concentration of high Z atoms (via
the 'temperature screening' effect) in radiatively cooled regions, as in the theory of
ion cluster formation in Ref. [4]. A similar localization in space of the DD reactivity
suggests alternative explanations in which the temperature screening effect has no
role. The feasibility of a fusion reactor burning exotic fuels (via neutron-lean reac-
tions, with cross-sections of the same magnitude and energy thresholds as the reac-
tions considered in this paper) has been extensively considered in the literature, with
negative conclusions. The required high temperatures could not be sustained because
of the estimated radiation losses, with a leading contribution of synchrotron radiation
[5]. On the other hand, the values of Yp in our tests [2] indicate that viable reactivity
conditions for high Z nuclei can be created in a high density plasma, not necessarily
in thermal equilibrium. The validity of this result also for plasma focus machines with
values of the powering energy up to Wo = 200-400 kJ (fitting the scaling law
Yn oc Wo) can be inferred from the correlation in space and time of high reactivity
hot spots and of localized hot sources of D + beams from the pinch. Localized
sources of D + beams are also usually detected in other laboratory experiments with
values of Wo much higher than that in our tests [6]. A new picture of the dense
pinch emerges in which a multiplicity of ~ 100 /jm diameter beams of D + ions are
accelerated within localized domains and react in dense magnetized targets all with
the same linear dimensions.



IAEA-CN-50/C-V-18 745

SPACE-TIME HIGH RESOLUTION

A time resolution of ~ 2 ns is obtained in the determination of the time of
emission of D + beam pulses by applying a time variable electric field on the pole
pieces of a compact Thomson (parabola) spectrometer. A multiplicity of D + pulses
(E 5: 0.1-1 MeV) are detected in all directions, with a fluence peak at 0° and onset
at the time to (MeV D + ions are usually emitted ~ 100 ns after the 100 keV ions),
as we have previously reported [1, 7]. A space resolution better than 150 ju,m is
obtained from the non-uniform distribution of etched ion tracks on a CR-39 track
detector plate for each direction — 0°, 45° and 80°. Ion energy and ion species dis-
crimination is achieved via filters, ion track morphology and a 5 kG circular magnet
(2.5 cm dia.) between the pinhole and the CR-39 target immediately behind the pin-
hole, with a distance di = 7.5 cm between the pinhole and the target (= d2, the
distance between the pinhole and the ion source). A grid filter (composed of 50 pm
dia. cylinders or yarns of plastic material, with knots where the filter becomes
100 /im thick) is fitted on the CR-39 surface and provides a map of ion energy distri-
bution on the target area where the pinch image forms. The general method, free of
filter induced masking of the fine structure of the pinch image, has been discussed
elsewhere [3,8]. Figure 1 shows the image of a hot spot with four types of ion tracks:
(i) 0.1-1 MeV D + and (ii) ion clusters and high Z nuclei with large diameter tracks,
outside the area covered by the filter yarns; (iii) D + with E > 2.4 MeV under the
50 /xm filter yarn; and (iv) 3 MeV fusion protons under at least two of the four areas
(~ 50 pm X 50 /*m) where two yarns overlap. The 3 MeV protons do not deposit
enough energy for generating etchable tracks after the 50 (im filter or on the
unscreened target area under the chosen etching conditions [9]. For the same reason
D + ions with E 3: 2.4 MeV do not form etchable tracks in the unscreened target
area; the 2.4 MeV D + ions (for which in about 50% of the shots the d<£/dE spec-
trum at 0° has a relative maximum [10]) are screened out by the 100 /im thick filter.
The typical linear dimensions, 5p = 200 /xm, of fusion proton emitting hot spots are
determined by inspection of the proton track distribution in neighbouring (approx.
50 nm X 50 urn) areas of the target with 100 /im thick filter (1O2-1O3 such areas
are found in each pinch image; all images are formed from a single shot. Hundreds
of pinhole images of the pinch have been obtained for this analysis). Few proton
tracks are found in two neighbouring areas with mutual distance d ~ 200 pm
(= distance between area centres). This leads to the conclusion that 5P S d. A simi-
lar value for the typical linear dimensions, dD, of the 2.45 MeV D + emitting hot
spots is obtained from the elongated 50 /tm thick filter areas. Fusion proton and
2.45 MeV D + hot spots are spatially overlapped.' An equally meaningful correla-

' The positive identification as fusion proton tracks (rather than as tracks of D + ions with energy
E > 3.6 MeV) of the tracks under the 100 /un thick filter (twice the yarn diameter) is based on: (i) the relatively
slow drop of the track density (cm"2) as a function of the distance pt from the centre of the i-th hot spot image, as
compared with the fast drop of the D + track density for E > 2.4 MeV. The D + tracks for E > 2.4 MeV are con-
centrated inside a circle of radius Pj(E) which decreases for increasing values of E; (ii) the morphology of etched
ion tracks. From the image of each etched track we can derive a lower limit for the corresponding particle energy
(proton and/or D +) as well as an upper energy limit. Track characterization on CR-39 is made possible by Thomson
(parabola) spectrometric data.
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FIG. 1. (a) Details of the 45" image (from etched ion tracks on a CR-39 target) of the pinch near the
front end of the pinch (shot No. 2KE, 5/2). The edges of the cylindrical 50 fwi filters (with two knots,
which provide four areas with 100 urn thick filter) are outlined for convenience on the microscope photo-
graph of the target. The pinhole diameter is 150 \tmy as in (c). The large (9 y.m dia.) tracks correspond
to heavy ions or ion clusters with mass/charge ratio m/Z > 100. The complete image is shown in (b)
(with the same magnification as in (d)), where the white arrow marks the location of (a), (c) Another
detail of the same pinhole image 1 mm to the left of (a). Note the lack of 3 MeV proton tracks in the
100 pm filtered areas in (c), in spite of the relatively higher density of tracks of 0.5 MeV D* ions in
the unscreened area. A 5 kG magnet behind the pinhole splits the image as reported in Ref. [8] (heavy
ions and/or ion clusters in the lower part of the image (undeflected image)), (d) Schlieren image of pinch
at the time t = t0 + 20 ns (±10 ns) with a N2 laser pulse of <1 ns (Yn = 6.4 x 10s, shot
No. 380 with FDE, 6 ton D?). The typical linear dimensions of a hot spot are smaller than the
observed minimum diameter of pinch neckings (~300 nm in (d)). The observed DD reaction yield Yn

and the verified isotropy of the proton emission determine the proton track density vp(cm'2) on the
target surface without pinhole. With the pinhole, vp in a hot spot has the same magnitude as the track
density ofD+ ions, vd(E > Eo), with energy E a Eo (Eo — 3.6 MeV is the minimum energy for a D+

ion to cross the 100 )xm filter). Since ion tracks under the 100 p.m filter are detected only in hot Spot
regions we conclude that the bulk ofDD reactions occur only inside hot spots. The number of hot spots
(—1-10) we observe inside the pinch image increases with Yn.
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FIG. 2. Co-ordinates of each data point provide the reaction yield Yp in the plasma (vertical axis) and
the reaction yield Y, on solid targets (C, BN) in the same shot. Normalized values (octj/J replace Y,for
accounting for different cross-sections and energy losses in the solid (thick) targets (normalization from
BN to pure N for a solid target and from Yp (i) = x) to Yp (-q0 = 0.05) = Yp (x) n0 (1 - -q^lx(l - x)
for different gas fillings).

tion in time is obtained from the neutron pulses of shortest duration (from scintillation
detection signals) and D + beam emission time (from a Thomson spectrometer with
variable electric field). We find also that at the centre of each 2.45 MeV D + beam
(impact area) there is a region with a sharp peak of track density, of linear dimensions
smaller than the pinhole diameter [3, 8]. This indicates that these D + beams are
highly collimated.

REACTION WITH HIGH Z NUCLEI

The established correlation between localized sources of MeV D + beams and
DD fusion hot spots can be extended to the regions of high reactivity for high Z
nuclei. Reasons for concluding that heavy ion fusion reactions are also concentrated
in similarly localized hot spots have been presented in Ref. [1]. We report here addi-
tional data supporting this conclusion. We have measured in each shot the plasma
reaction yield Yp and the reaction yield Y, in the same shot for the same reaction on
an external target which is bombarded with the D+ ion beam in the 0° direction.
The results for C and N reactions (from C and BN solid targets at the front end of
the discharge chamber and with CH4, C3D8, N2 doping of the D2 filling) are shown
in Fig. 2. We find a linear correlation between Yp and Yt (or î t = fE| dE'
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x (d0/dE'), EL = 0.5 MeV, E2 = 10 MeV, the beam population which contributes
the bulk of Y,) over a wide range of Yp, Yt values. We expect that many localized
sources contribute to the D + beam at 0°, consistent with the peak intensity observed
in this direction [1, 10], because of the focalization effect of the azimuthal magnetic
field (at 45° and 90° the collimated beams from each localized source can be
separately recorded). The increase of Yp in the plasma, which is proportional to the
D+ beam emission (from localized sources) as derived from the solid target activity,
establishes an additional quantitative correlation with the D + localized sources. A
similar correlation with the activity from solid targets at 45°, 90°, etc., will be
reported elsewhere [11].

CONCLUSIONS

We find a sharp peak of the plasma reactivity in localized regions of space (of
linear dimensions of < 200 jum) for DD fusion reactions as well as for nuclear reac-
tions of high Z nuclei with much higher energy thresholds which fits in space and
time the localized sources of MeV D + beams which have been previously reported
by our group and confirmed in other laboratories. The D + acceleration up to several
MeV is effective in plasma domains of the same dimensions. The ubiquitous nature
of the fine structure of high current carrying plasma [12] appears also during the
nuclear reaction production stage of the pinch. This is linked in our experiments to
the formation of localized regions with MG magnetic fields [13]. Early pioneering
experiments with doped filling gases as reported in Ref. [14] are not in conflict with
a uniform plasma description of the pinch. Our new data, with high resolution in
space (and time), require a completely new approach for coherent description of the
plasma focus pinch performance.
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Abstract

EXPERIMENTAL STUDIES OF A HIGH-BETA, NON-CIRCULAR CROSS-SECTION TOROIDAL
PINCH.

Experimental studies of a toroidal, high-beta plasma discharge with a non-circular cross-section
are described. The experiments are carried out in the Extrap Tl device. The discharge cross-section
is non-circular because the current channel is bounded by a separatrix produced by four toroidal,
current-carrying rings. Plasma currents of up to 30 kA are induced operating with a toroidal field of
up to 0.2 T. The major radius of the device is 0.45 m, and the minor radius of the current channel is
about 40 mm. The peak current density on the discharge axis is 7.5 MA/m2, which corresponds to an
on-axis safety factor of q0 = 0.1. The discharge pulse is about 100 ps long. The plasma density is in
the range n * 0.5 to 1 x 102' m'3, the electron temperature is Te = 10 to 35 eV, and the poloidal
beta value is 20 to 60%. This discharges are macroscopically stable and the observed equilibrium agrees
with Grad-Shafranov calculations.

1. INTRODUCTION

Extrap is the name given to a series of high-beta pinch discharge
experiments which have a current channel bounded by a separatrix produced by
currents in four conductors, external to the current channel, carrying current
parallel to the plasma discharge axis [1].

A series of linear experiments showed that the global stability of a linear
Z-pinch was improved when the discharge was generated along the axis of an
octupole magnetic field produced by four linear conductors [2,3]. In the linear
configuration, the discharge occupies the square-like region defined by the four
x-points of the separatrix. Although the configuration is unstable according to
ideal MHD theory, the discharges exhibited Bennett equilibrium and were
sustained for over 50 |J.s which was much longer than the 0.5-JJ.S radial Alfven
transit time. The q-value on the axis for the length (L = 0.2 m) and current
density (j0 ~ 2x10 7 A/m2) was varied from CL̂  = 0 to about 0.2. Global helical
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TABLE I. PARAMETERS OF THE TOROIDAL EXTRAP DEVICE

major radius Ro = 0.45 m
filling pressure pH = 0.7 to 3 Pa
vacuum vertical B field B = 0 to 0.01 T
vacuum toroidal B field B0 = 0.09 to 0.22 T
peak plasma current I0= 30 kA
on-axis safety factor [2B0 / (\x0 Ro j0)] (^ = 0.1 to 0.2
characteristic current channel radius a = 30 to 45 mm
characteristic density n = 0.5 to lxlO21 m"3

ratio of current to line density L / N = 0.7xl0'14 Am
peak temperature Te = 35 eV
Alfve'n transit time 0.4 JIS
ratio plasma current to total ring current I0 / S If = 0.25 to 0.5

kink modes were suppressed for the time scale of the experiment when c^ was
small but were evident when q^ was about 0.2 [2]. These linear discharges
were collisional (Te = 10 eV, n = 5xlO21 m'3); nevertheless,discharges
produced without currents in the external conductors were globally unstable
and kinked violently on the Alfven time scale.

2. DESCRIPTION OF THE TOROIDAL EXPERIMENT

A toroidal experiment, Extrap Tl, was constructed to study this type of
plasma discharge in a high-aspect-ratio, toroidal configuration. In this device,
the separatrix bounding the plasma current channel is produced by four,
current-carrying, toroidal rings. The plasma current and the ring currents are
induced in parallel as the secondary of an iron core transformer.

The dimensions and parameters of the toroidal experiment are presented
in Table I. The stainless steel vacuum vessel (cross-section 250 mm x 200 mm)
consists of 8 toroidal sectors with insulated poloidal gaps between each sector.
The four rings are inside the vacuum vessel and are located at the corners of a
square (110 mm x 110 mm) centered at Ro = 0.45 m. The 32 stainless steel
frames which support the rings have an inside aperture dimension of 130 mm x
130 mm. The ring and support structure forms a toroidal-poloidal grid which
can carry helical currents and functions as a conducting boundary to the
plasma. The L/R time for poloidal currents in the supports is about 150 jas,
which is of the order of the plasma pulse length, and the L/R time for toroidal
currents in the rings is about 1 ms. The vacuum toroidal magnetic field and an
additional, externally produced vertical magnetic field for equilibrium control
have long pulses so that the fields diffuse through the metal structures and are
essentially constant during the plasma pulse.
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FIG. 1. Resistance of plasma loop measured at peak plasma current as a Junction of peak plasma
current and corresponding Spitzer value for l

The primary circuit has a two-stage capacitor bank power supply. The
channel for the induced discharge current is inside the four rings, which
partially screen the discharge, so the loop voltage is a strong function of
position. The loop voltage where breakdown occurs and the discharge axis
forms is about 50 % of the loop voltage at the vacuum vessel boundary.

The current in the individual rings as well as the plasma current are
monitored with Rogowski coils. Since the ring and plasma currents are induced
in parallel, the resistive component of the loop voltage corresponding to the
plasma discharge must be calculated using the measured ring current and
plasma current data and the mutual inductances for the geometry. The estimated
loop resistance at peak plasma current I0, as a function of I0, for a series of
pulses is shown in Fig. 1. The resistance decreases as the current increases and
for L ~ 25 kA, the loqp resistance corresponds to an estimated Spitzer

T / Z 2 ^ 15 Vtemperature Te 15 eV.

3. EQUILIBRIUM

The radial equilibrium position is determined by the total vertical
magnetic field, with contributions from the externally produced vertical field,
the octupole ring currents, the plasma current and image currents in the vacuum
vessel. The total toroidal current is determined by the transformer primary
circuit, but the distribution between the toroidal rings and the plasma is
determined by the mutual inductances as well as the initial conditions associated
with plasma formation and the plasma resistance.

A code solving the Grad-Shafranov equation has been developed to
analyze the equilibrium. The boundary condition is that the vacuum vessel is a
poloidal flux conserver for the time scale of the plasma pulse. The code uses
the measured values for the currents in each toroidal ring. A parabolic pressure
profile is assumed. Two free parameters are varied in order to match the
solutions to the experimental measurements of the total toroidal current and the
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G R A D - S H A F R A N O V CODE MAGNETIC PROBE MEAS.
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FIG. 2. Equilibrium flux plot calculated by using the Grad-Shafranov equilibrium code for a case with
discharge parameters 1$ = 20 kA, I (each inboard ring) = 14 kA, I (each outboard ring) = 6 kA,
vacuum B$ = 0.17 T, B (vertical) = 4 mT. For comparison, a partial flux plot generated from mag-
netic probe measurements of the discharge is also shown.

P[kPQi

550 600
R[mm]

FIG. 3. Equatorial plane profile of the equilibrium toroidal and poloidal current densities and the
pressure profile.

toroidal magnetic field. The plasma boundary is taken as the separatrix closest
to the magnetic axis. A calculated code solution is shown in Fig. 2 for a case
with a discharge current of 20 kA. Figure 2 also shows an experimentally
measured flux plot for the same case, obtained from a two-dimensional scan of
the plasma cross-section using magnetic probes measuring the three orthogonal
components of the magnetic field.
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Experimentally measured radial magnetic profiles in the equatorial plane
were used to study equilibrium profiles in more detail. Assuming radial
equilibrium, profiles of current densities and pressure can be obtained as
shown in Fig. 3. If the poloidal beta is defined as pe = 2|0Q<P> / Be(a)2, the
profile which is shown corresponds to p e ~ 50%.

4. CONFINEMENT

Interferometric measurements of the density have been made along a
chord through the minor axis. For the 25-kA discharges, the measured average
density is about lxlO21 m"3. The parameter I0 / N, where N is line density (n
integrated over the cross-section) was estimated to be 0.7x10"14 Am. Based on
experience with RFP discharges, the required value necessary to burn through
the oxygen radiation barrier (Te « 30 eV) is I0 / N > 1x10"14 Am [4].

VUV spectroscopy is used to monitor the line radiation. Burn-through of
the hydrogen is indicated by a sharp reduction of the Lyman radiation during
the first 20 |J.s of the discharge. At the time of the current peak, the VUV
spectrum is dominated by CHI, CIV, OIII, OJTV and OV. An example of a
spectrum is shown in Fig. 4.

Measurements of the temperature made with Thomson scattering show
peak temperatures of 35 eV. This temperature is consistent with the VUV
spectra and the loop voltage measurements assuming Zeff ~ 3.

Several conclusions can be drawn given these parameters and the
profiles presented and described in previous sections. The beta of these
discharges is high and the on-axis q is well below one. Although the current is
not sustained over a long, constant-current period, the time dependence of the
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discharge pulse is sufficiently slow for quasi-equilibrium to develop. This time
scale is much longer than the Alfve'n time scale and modes that would disrupt
the discharge on this time scale are suppressed. However,the time scale of the
experiments to date is too short for observation of modes with much slower
growth rates. At the present time, the ohmic heating circuit is being improved
so that discharges with a longer duration can be produced.
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Abstract

INITIAL OPERATION OF THE MADISON SYMMETRIC TORUS REVERSED FIELD PINCH.
During the initial operation of the Madison Symmetric Torus reversed field pinch, plasmas have

been obtained with current of 500 kA and reversal duration of 28 msec. Discharges typically are
initiated with a loop voltage ofl50 V and attain a loop voltage of about 20 V at the time of peak current.
A density up to 2 x 10'3 m"3 is obtained, and the electron temperature is measured to be about
300 eV for 400 kA plasmas. The plasma parameters are improving steadily with wall conditioning and
field error reduction. Sawtooth-like oscillations and magnetic fluctuations are characterized.

I INTRODUCTION

The Madison Symmetric Toru3 (MST) is a new reversed field pinch
which commenced operation In June, 1988. We describe here initial
results obtained during the first five months of operation on the
equilibrium features of the plasma, sawtooth-like oscillations, and
magnetic fluctuations. The scientific goals of MST are (1) to
explore the effect of the boundary condition on RFP equilibrium,
dynamo, fluctuations and transport, and (2) to investi-gate physics
issues of a large RFP. The latter goal can provide direct input to
the upcoming ZTH and RFX experiments which are of similar size as
MST (but with higher current and longer pulse length). The initial
plasma and operational characteristics are of interest since MST
(minor radius a .« 0.52 m and major radius R - 1.5 m) is
significantly larger than other existing RFP devices and contains
several unconventional design features.

1 Southwestern Institute of Physics, Leshan, Sichuan, China.
2 Tokyo Institute of Technology, Japan.
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FIG. 1. MST reversed field pinch device.

II MACHINE DESCRIPTION

The design of MST (Fig. 1) was driven by the need for
efficient machine disassembly and small magnetic field errors. A
single, 5 cm thick aluminum torus serves as vacuum vessel, toroidal
field winding (by driving polotdal current through the vessel), and
stabilizing conducting shell. The poloidal field winding is placed
tightly around the 2.0 weber iron core. The absence of field wind-
ings surrounding the device facilitates machine disassembly and diar
gnostic access. The toroidal field system also yields afieldwith
small ripple; the radial error field that enters the toroidal gap
produces a dominant Fourier component of m=0, ri=4 with a magnitude
of about 0.2J of the equilibrium toroidal field. The design
necessitates voltage gaps exposed to the plasma for both the
toroidal and poloidal fields. These gaps are protected by ceramic
insulators which have proved reliable for steady voltages up to 200
volts (and transients of 100 volts). The field error at the
poloidal gap is reduced by a special flange. A winding used to
reverse-bias the iron core is distributed so as to produce a DC
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error field within the plasma of less than one gauss (which is less
than 0.1? of the poloidal field). At present, the final poloidal
field winding is not yet installed. The bias winding functions as
the ohmic heating coil, with the result that the pulsed field errors
accompanying this temporary setup are significant. The radial field
at the poloidal cut can be of the order of the poloidal field. The
vessel is pumped through an array of 193> 3.8-cm-diameter holes in
order to provide very high pumping speed while eliminating the
deeply penetrating field errors that would otherwise be produced by
large pump ports.

Ill EQUILIBRIUM CHARACTERISTICS

Reversed field plasmas have been attained through self-reversal
with a peak plasma current of 0.5 MA, discharge duration of 37 msec,
and reversal duration of 28 msec (which is less than the discharge
duration since the toroidal voltage applied to the insulated gap is
not yet optimally programmed). For the discharge shown in Fig. 2,
the toroidal loop voltage, VL, is 20 V at peak current and requires
about 150 volts for startup,
a pinch parameter of 9

1J rt~ Jtypically 1 x 10 cm

The reversal parameter is F = -0.1, at
1.5. The line-averaged density i£

although shots are obtained at 2 x 10

cm "->. The resistance is presently high, with a conductivity
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temperature of about 80 eV. In lower current plasmas CJOO kA) the
central electron temperature measured by Thomson scattering is about
300 eV. A similar estimate is Inferred from the time sequence of
oxygen line emission. The plasma evolves in time along an F-6
trajectory as observed on other devices. In addition, both weakly
nonreversed and deeply reversed plasmas (up to F = -0.6, 8 - 2.1)
are obtained with electrical properties similar to those reported
above. To date, the machine has been operated without limiters
(except for various one-cm-deep ceramic protectors of the Insulated
gaps and internal coils). Thus, the plasma-wall interaction is
strong, as indicated by Al I radiation from the edge and observation
of wall erosion.

IV "SAWTOOTH-LIKE" OSCILLATIONS AND MAGNETIC FLUCTUATIONS

The plasma exhibits oscillations of a sawtooth shape in many
signals (Fig. 2), similar to those observed in ZTiOM^and
HBTX-1B^. These oscillations correspond to sudden changes in the
magnetic field within the plasma as indicated by the sudden Increase
in the reversed toroidal field at the wall and the concomitant rise
in the toroidal flux. These changes produce an excursion in F-6
space, as shown In Fig. 3. which suggests that the plasma suddenly
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shifts closer to the Taylor state. A magnetic oscillation with
poloidal mode number m=1 precedes the rapid part of the sawtooth
oscillation (Fig. A). The precursor oscillations are also seen and
mapped in soft x*-ray signals which invariably drop following the
rapid part of the sawtooth. This drop corresponds to an overall
cooling of the discharge rather than a profile modification.
Measurements of the equilibrium field at the inside surface of the
wall (with a poloidal coil array) and the error radial field at the
poloidal gap imply that a nonrigid inward major radius shift of the
plasma occurs over about 300 usec. Although the oscillations are
largest at high e values, they occur in nearly all RFP discharges.
They are deleterious in that they intensify, the plasma-wall
interaction, as indicated by Al radiation shown in Fig. 4. Since
the oscillations mainly occur during the rising current portion of
the discharge, it is anticipated that the oscillations will not be
present during the constant current portion of flat-topped
discharges (obtained with additional voltage programming).

Magnetic fluctuations are measured with a poloidal array of
eight sets of tri-axial coila attached to the inner surface of the
wall, distributed over half of the minor circumference. The
magnitude of the magnetic fluctuations is about \% (B/B-0.01) during
reversal and several times larger when nonreversed. The two-point
correlation length in the poloidal direction is typically of order
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one-fourth of the minor circumference. The fluctuation power peaks
between 6 kHz and 10 kHz and generally decreases at higher
frequencies up to 250 kHz. The fluctuating toroidal magnetic field
contributes about 80$ of the magnetic energy with the remainder
dominantly arising from the poloidal field. Radial field
fluctuations contribute only 1J at the coil location of one cm away
from the conducting wall.

V CONCLUSIONS

The initial five month operation of MST has produced plasmas
with favorable gross equilibrium parameters, that is, the plasma
current reaches 0.5 MA during the reversed field period of 28 msec.
The loop voltage required for startup is about 150 volts; at peak
current the voltage is typically 20 volts. The voltage requirements
suggest that the upcoming experiments of similar size, RFX and ZTH,
will readily attain their design current of 2 MA. The preliminary
measurement of electron temperature (about 300 eV at ^00 kA), when
compared with temperature obtained in smaller RFP devices, indicates
that the temperature is not scaling with current density (i.e.,
inversely with area for fixed current). This also is extremely
encouraging for RFX and ZTH performance. Plasma quality in MST is
presently limited by field errors, wall conditions, and available
power supplies, all of which are steadily being improved. Limited
temporarily by these factors, the global energy confinement time is
on the order of 1 msec.

Sawtooth-like oscillations and magnetic fluctuations are
measured and appear si-milar in gross features to those observed
elsewhere. Plans for the next year include numerous machine
improvements for parameter enhancement (including completion of the
poloidal field winding), initiation of detailed studies of edge
fluctuations, beginning studies on global transport properties, and
installation of movable, fully toroidal rail limiters for boundary
condition studies.
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