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ABSTRACT

Aside from extending “standard" ohmic and neutral beam heating studies
to advanced plasma parameters, TFTR has encountered a number of special
plasma regimes that have the potential to shed new light on the physics of
tokamak confinement and the optimal design of future D-T facilities:
(1) High-powered, neutral beam heating at low plasma densities can maintain
a highly reactive hot-ion population (with guasi-steady-state beam fueling
and current drive) in a tokamak configuration of meodest bulk-plasma confine-

ment requirements. (2) Plasma displacement away from limiter contact lends

itself to clarification of the role of edge-plasma recycling and radiation*

cooling within the overall pattern of tokamak heat flow. (3) Noncentral
auxiliary heating (with a "hollow" power-deposition profile) sho:ld serve to
raise the central tokamak plasma temperature without deterioration of
central region ccnfinement, thus facilitating the study of alpha-heating
effects in TFTR. The experimental results of regime (3) support the theory
that tokamak p:wiile consistency is related to resistive kink stability and
that the glchbal energy confinement time is determined by transport

properties of the plasma edge region.
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Ta Introduction

During tha past year, TFTR has reached its original machine design
specifications (B, = 5.2 T, I = 2.5 MA) and has begun the exploration of
auxiliary heating regimes.1'2 As illustrated in Fig. 1, a considerable
range of plasma densities has already been explored in TFTR, thanks to the
fairly strong toroidal field and the availability of an ORNL pellet
injector.3 The present state of progress towards fusion-relevant parameters
is illustrated in Fig. 2, which follows a scheme suggested by J.G. Cordey:
The central ion temperature is plotted vs. the central devterium density
times the "central region energy confinement time" (cf. Section 6). Initial
neutral heam heating at powers up to 6 MW has been helpful in reaching high
T; in the low density plasma regime and high nTg, along with moderately high

T., in the high density regime.

Iy

2 promising feature of the TFTR experiments has been that they have not
only advanced the frontier of fusion plaswa parameters, but have also
uncovered some new physies that may turn out to be useful in guiding future
tnkamak research plans. The following three sections briefly discuss three
TFTR regimes that have exhibited particularly interesting phenomena: low-
density, hot-ion plasmas; adiabatically compressed plasmas in the free-
expansion mode; and high density, noncentrally heated plasmas. Theoretical
implications of the latter regime are pursued in Sections 5 and 6, and

prospects for the TFTR D-T phase are summarized in Section 7.

2. The Energetic iun Regime

In the TFTR energetic ijon regime, the central electron density
typically rises from 1.5 -« 102 er™3 to 3 » 10" 3 during the injection
of beam particles. The central electren temperature Ton is 3-4 keV. The
energetic ion component, which is characterized by a me~sa slowing-down
energy of 35-45 keV, constitutes an estimated 2/3 of the cenctral ion
density. An appropriately low level of background plasma density so as to
permit entry into this regime czn be obtained in TFTR by operating at
reduced plasma currents (typically 800 kA}. The total energy cenfinement
time is then found to be of order 70 msec, with the plasma energy stored
mainly in the ions. The average central region ion energy, including all
components, is in the range 20-40 keV. The well-thermalized "cold

background ions" have a central temperature close to 10 keV,
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The TFTR energetic ion regime exhibits some remarkable incidental
phenomena. The toroidal rotation velocity rises to ~6 -« 107 cm/sec,
corresponding to a rotational kinetic energy ~4 keV for deuterons and
~100 keV for heavy impurity ions. (The momentum confinement time is found to
be of the same order as -:E.) There is also strong evidence that the
injected ions are driving an appreciable part of the plasma current, in
agreement with theoretical expectation, The intensive beam fueling
apparently serves to depress Z,gp from its average value of 4-5 to a level

of %2 near the axis.

The success of the initial TFTR experiments in the energetic ion regime
offers soue encouraging prospects. As the beam power is raised from 6 MW to
its nominal value of 27 MW (with the full-erergy component rising from 3 MW
to 20 MW) the energetic ion regime should beé maintainable up to somewhat
higher plasma densities, thus permitting higher current operation, greater
an—values for the background plasma, higher Tar and correspondingly slower

thermalization rates for the hot ions,

The expected fusion yields in the TFTR energetic ion regime were
calculated for deuterium plasma by means of a Fokker-Planck code? that has
given accuvrate predictions in the case of previcus heutral beam injection
experiments, such as PLT.S At present, the calculated TFTR neutron yields
tend to exceed the measurements by a factor of about 1.5-2.0. {The larger
discrepancy is found systematically at higher density, but its origin has
not yet been identified.) Figqures 3a and 3bh illustrate the predictions of
the code of Ref. 4, respectively, for the low density regime
(“eo <6 » 1013 cm"3), where essentially all the central region ions are
energetic, and for a meoderate density regime (“eo < ipt4 cm"3), where the
energetic ion component typically accounts for only a small fraction of the
central ion population. Th2 object of these studies was to compare the
p-values and dominant reaction processes of low and moderate density TFTR
regimes characterized by the same central electron temperature
[Ten = 10 keV (P/15 mi)'/2].  The calculations of Fig. 3 assumed balanced
co~ and counter-injection at 120 keV and used a realistic beam-species mix,
The code takes the actuwal orbits of the energetic ions into account; ions
are removed from the energetic population when they have decelerated to an
energy of (3/2) Tj- The calculations were time stepped until steady-state

conditions were reached.



Figure 3a shows that beam-beam reactions strongly predominate in low
dengity TFTR deuterium plasmas. If balanced D and T injection were used,
the @yp = 1 point would ideally be achievable with 13 MW of input power.
(This result is, of course, contingent on attainment of the speéified Teo
and Z gg; 1f, for example, the central region Z g were 2.5 rather than
~1.0, then 25 MW of beam would be required to reach Q = 1.) In the moderate
density deuterium case of Fig. 3b, two-component (TCT) reactions tend to
dominate, but the contribution of ordinary thermonuclear reactions is alsc
important. For an idealized D-T case where a 100% tritium target plasma is
used so that only TCT reacticns occur, the @ = 1 point ia reached at 22 MW.
(Since thermonuclear and beam-beam reactions are seen te account for about
half of the total D-D fusion yieid, the case with balanced D and T injection
gives a similar result: i.e., the Q-value is not very sensitive to the

species mix.)

The tentative conclusion of these studies is that the low density

regime may well offer a path of least resistance to the achievement of

Q@ = 1. For example, the ideal ni{o) rEe-value for the electrons could be as
small as ~3 10?2 cm'3 sec in the low density case, as compared with
12 -3

~5 » 10 cm sec in the moderate cdensity case.

Turning to the potentiai for practical applicat.on of the energetic ion
regime, the possibility of achieving Q-values in th: range 21 by means of
counter-injected deuterium and tritium beams was pointed ocut in Ref, 6 az an
interesting approach to a moderate-sized tokamak test reactor. The initial
TFTR cbservations indicate that the required combination of good energetic
ion confinement and rapid removal of the thermalized ion component may be
achievable in practice. A critical issuwe will be, whether the beam-fueling
process will indeed “flush out"™ the impurity ions, so that Z,f¢ can be kept
small. The TPFTR results tend to confirm that a true steady-state tokamak
plasma regime could be maintained by biasing the injected momentum so as to
provide beam current drive. Some representative mnarameters for a tokamak
radiation test facility based on this concent amight be: R =3n,
I = 2.5 MA, beam power ~ fusion power =~ 100 MW, neutron wall loading

0.5 - 1.0 Mi"/n2,
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3. Adiabatic Compression and Free EXpansion

In a gross sense, the major~radius compression technique works well in
TFTR: the plasma temperature and density increase,7 the energy of beam-
injected ions is douhled,8 and fusion reaction rates are enhanced corre-
spondingly. Adiabatic compression heating is, in principle, the 1least
intrusive and most predictable of auxiliary heating methods. In practice,
however, the initial TFTR experiments have demonstrated an anomalous loss of
plasma density and energy content during compression (cf. Fig. 4} that
corresponds to a noticeable degradation of confinement relative to the

pPrecompression state.

One potential defect of the initial TFTR compression experiments has
been found to relate to resistive MHD instability9 {(cf. Pig. 5). During the
first phase of the compression, while the plasma major radius R is moving to
the center of the vessel (RO ~ 2.5 m), the g~value at the vessel wall is
rising continuously {(Fig. 5a). The subsequent forced decrease of this g-
value is seen to be accompanied by a sequence of MHD kink oscillations
'Fig. 5b} much 1like those usually found during the initial TFTR current
rise. The apparent cause of this phenamenon is the induction and unstable
relaxation of skin currents in the supposed “vacuum region” between the
compressed plasma core and the vessel wall -- which in fact turns out to be
a region of quite good electrical conductivity. Since the appearance of the
magnetic osgcillations is found to coincide in time with various ancmalies on
the interior of the hot plasma, the skin-relaxation phenomenon could turn
out to be at least partly responsible for the nonadiabaticity of the TFTR

compression.

In addition, houever, there must clearly be a more fundamental problem;
When the plasma is compressed only to the midway peint so that the low-
frequency oscillations of Fig. 5 are not encountered, one still observes the
high-frequency component of the magnetic probe signal, as well as an
anomalously rapid broadening of the temperature and density profiles.
During this "“free expansion phase," where the edge of the hot-plasma core is
rerote from the usual tokamak limiter contact, the plasma is not exposed to
the usual cooling by influx of impurities and recycling hydroden gas. The
normal relationship between the Té(r) and n{r) profiles is then inter-

changed, with the Te(r)-profile becoming the broader of the two. The



paradoxical result for energy confinement is that removal of the normal
edge~cooling processes seems actually to enhance the rate of heat transport
{(which can be inferred from the rate of profile broadening, even though the
total energy content of the free-expansion plasma tends to be conserved).
There is a possible explanation in terms of microinstability phenomena
excited at the plasma edge when the local value of d(log n)/d(log T) or
..:I'/n'I‘."’2 « T/n becomes too large. The free-expansion plasma appears to offer
yet another among a growing list of :xamples where tokamak transport
throughout the plasma volume is enhanced by changes in edge-plasma

conditions. This topic is pursued at greater length in Section 6.

4. Noncentral Heating

If tokamak heat transport were describable in terms of a simple local
diffusivity X(r), chen energy confinement would be maximized by depositing
all heating power at r = Q. The inadequacy of this type of confinement
model was shown clearly by the T-10 ECRH studies1o: the gross energy
confinement time T was found to remain roughly constant during a shift of
the resonance point from r = 0 out to rsa ~ 0.7. That this phenomenon is
not peculiar %o the ECRH regime was subsequently shown in rrrR'! by
comparing two neutral beam injection cases with the same target plasma,
beam~-particle energy, and input power: a hydrogen beam case with a
centrally peaked beam-power deposition prorile Py(r), and a deuterium beam
cage with "hollow"” PH(r). The TE-values for these two cases were found to
be nearly identical -- as were the Te(r) profiles and peak temperatures
Tao* Similar results have been found for neutral beam heating in ASDEX.12

TFTR experiments where reduced beam penetration is achieved by
combining pellet densification with neutral beam injection13 (cf. Fig. 6a},
have demonstrated the same phenomenon in even more striking form: While the
peak of Py(r} lies at r/a ~ 0.8, the associated Te(r) profile (Fig. 6b)
closely resembles that of the hydregen beam case aof Ref. 11, and the
measured values of Tg and T, are found to remain consistent with the normal

empirical scaling laws for neutral beam heating.

The observed insensitivity of gross confinement to the heating-power
deposition profile implies that central region confinement must become wvery
favorapble as Py(r) is made increasingly hollow. Using the steady-state

definition
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T, T n(Te + Ti)

ry; ry PH(rl)

(L

d
T_.(r) T
E d
with the total imput power corrected for dn(Te + Ti)/dt, to obtain Py, the
authors of Ref., 13 find that in the case of Fig. 6 very high values of
Tg(r)/Tgla) are indeed reached for r/a ~ 0.5, where Tgla) is the conven-
tional definition of Tg- This finding is reflected in the Ffavorable

position of the "NB Pellet” data points in Fig. 2.

One notes, incidentally, that large interior valuas of TE(r) could be
obtained trivially for T(r)-profiles that are £lat over the region of
interest, but since the actual temperature profile remains peaked in
Fig. 6b, the Tg(r)-variation in Fig. 6c must reflect a genuine reduction in
the central region values of X(r). In contrast to the phenomenon of Fig. 6b,
one finds in stellarators with noncentral ECRH that the To(r)-profile
behaves in the normally expected way, becoming quite Ffla: on the interior of

the region of peak power deposition.14

5. Tokamak Profile Consistency and Resistive Kink Stability

A certain family resemblance of tokamak Te(r)—prof:i.les has long been
noted in the experiments. The potential importance of this phenomenon for

the theory of ancmalous tokamak transport was pointed out by B. Coppi15 and

16 and others. These analyses have

has also been pursued by F.W. Perkins
made use of the obvious constraints on the current-density profile J{(r) that
result from the two boundary conditions on the MHD safety-factor profile:
g{0) 21 and gfa) =Bta2/21R. If one makes an ad hoc selectinn of a
specific current-profile shape -- such as the Gaussian -- these constraints
are gufficient to define the magnitude and shape of J(r) uniquely, and
therefore also to defire the shape Te{r) /Ty, (but not the magnitude of T,)
in resistive steady state.

17-19 suggest that an

Detailed studies of resistive kink mode stability
ad hoc profile-shape assumption may no: be necessary: For specified glo)-
and g{a)=-values, the requirement of kink stability (negative A') at all mode
numbers m and n imposes fairly narrow constraints on the J(x)-profile, even
when g{a) is large; as g(a) is reduced, the J(r}-profile is chs.nneled into

singular shapes; finally, when the g{a)-value has approached tuc close to

ol



the important 2/1 resonance, there is no solution at all. [These remarks
assume the ordinary experimental case. - If there is an effective external
stabilizing shell or plasma layer, and/or if the time-averaged g{(o)-value is
permitted to go below unity,.l9 then kink-stable J(r)-profiles may be

maintainable all the way down to the vicinity of the 3/2 resonance.]

Do actual tokamaks follow the prescriptions of A'-stability analysis?

Current TFTR studies,zo

computations of J(r) by means of the TRANSP Code, indicate that the TFTR

based on detailed radial Te-measurements and

plasma is fairly adept at A'-minimization. For g{a) 2> 4, the experimentally
derived p's are generally either negative at all m and n, or are positive,
but sufficiently small so that the corresponding magnetic islands are
calculated to remain narrow and localized. In the range g(a)} < 3, where the
maintenance of an all-negative set of A's is a more difficult problem, the
calculations show that islands of moderate size tend to be present
continuocusly. Actual disruptions are found to occur experimentally at times
when the computed A's show a strong increase, corresponding to an excursion
of J(r) from near-optimality. On the whole, Raf. 20 offers considerable
support for the predictions of A' analyzis, but tlhe available results are
still preliminary; in particular, the computation of the experimental J{o)
is, subject to the usual uncertainties of how best to model the combination
of neoclassical resistivity and sawtooth activity. Figure 7 gives a
(slightly idealized) illustration of the range ol stable J{r)-profiles in
TFTR: {A) The high-g(a) case is generally seen towards the end of the
current-ramp-up phase; (B) the low-g(a) case is +<ypical of steady-state

operation.

How might the .okamak plasma manage to find minimum-A' sclutions? One
possibility would be that a modified form of Tayler's "dynamo mechanism" is
at work, as in the RFP., 1In view of the paucity of unstable modes, however,
this seems unlikely, and one is led instead to a model where heat transport
is enhanced in the vicinity of those singular points q(rmn) = m/n, where
Al > 0. Particularly if this phencmenor occurs mainly towards the small-r
side of the singular points, the resultant local flattening of Te(r). and
therefore of J{(r}, tends to stabilize the m/n kink by reducing dg/dr at
r == while, of course, impairing the stability of modes with neighboring

mn
vaiues of m/n by steepening the q(r)-profile at their singular points.”
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This type of self-adjustment would seem fairly effective as a computer
scheme?! for finding minimum-p' protiles. There is no direct experimental
evidence, however, that it occurs in tokamaks: Substantial magnetic
oscillations are seen only just prior to disruptions; stationary magnetic
islands could go undetected by magnetic probes -- and might be considered a
logical consequence of magnetic coupling to imperfectly conducting external
stabilizing shells or plasma layers -- though the maintenance of their

invisibility in rotating plasmas may present special problems.

There are still other possibilities: An important one is that the
condition A' 2 0. may encourage the formation of electrostatic convective
cells near the singular points. Even MHD-unrelated transport phenomena,
such as microinstabilities, could give rise fortuitously to resistive kink
stable profiles. (The plausibility of this suggestion is enhanced if we
consider that tokamak experimentarists are part of the feedback loop: They
adjust the operating parameters and "condition"™ the tokamak wvacuum chamber
until stable profiles are achieved; then they take "real tokamak data.")
Fortunately, the discussicn of tokamak energy confinement in the next

section does not depend on the nature of the profile-selection process --

only on the assumption that experimental J(r)-profiles must tend naturally

towards A'~stability.

6.4 Enexgy Confinement in the Tokamak

The principle of profils consistency15 may help account for a number of

22 found a surprisingly

apparent tokamak anomalies, The Alcator C group
rapid restoration of the standard To(z)-profile following injection of a
pellet partway into the tokamak plasma. Coppi has suggested that gross
resistive instabilities may be responsible, and that the physicai mechanism
ie similar to that causing enhanced outward propagation of heat pulses
originating from the sawtooth mechanism. In both cases, the allusion to
resistive kink mode theory requires that very small perturbations of J(r),
arising from perturbations in T,{(r) on a resistive-diffusion time scale,

should bzve a relatively drastic impact on local transport.

Strong supporting evidence :‘or tokamak profile consistency is provided
by noncentral tokamak heating eyperiments, such as that of Fig. 6, These
results also support a fairly p.rsuasive argument that the profile of J{(r),

rather than of T,(r), is the key issue: The conspicuous absence of the

-
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profile=consistency phenomenon in edge-heated stellarators” implies that
the need to provide resistive kink stability may indeed be responsible Eor
the tokamak profile shape.

The assumption of profile consistency can be used to deduce from the

data of Fig. 6 yet another interesting aspect of tokamak confinement: The

"global confinement Lime" Tp must reflect the magnitude and scaling of the

local transport coefficient X(rc) at some radius fairly close {to the plasma

edge (typically r_/a 20.7). For the sake of simple illustration, the
following ans lysis will neglect corvection and ion heat conduction (assaming
T =Ty = T) and will identify pvofile consistency with A’-stabilitv. The
heat flow equation is written as

r
-n{r) X(r) §—$ = ¢(xr) = %[)drl r, (1='H - P, r2)

where PR is the radiation cooling power. If a profile shape is prescribed

according to T = Ts(r) = ToFs(r/a], then ¥ (r} follows from

- ~¢(x) a (3
X(r) = n(r) T F' (r/a) ’

where ¢(r) and n{r) can be viewed as controllable by the experimenter, while
¥(r) and 'I‘° 2re experimental results. We see at once that, if To remains
constant while ¢(r}) is wvaried, ¥X(r) van be made arbitrarily small -- and
correspondingly TE(rJ can be made arbitrarily large in the central plasma

region -~ by choosing a patiern of noncentral heat depcsition, as in Fig. 6.

What determines the central temperature T ? According to Eq. (3), Ty
is quite arbitrary toc, but in reality there must be some lower bound on
X(r), imposed by an “irreducible" heat transport rate xmu), which includes
neoclass:i:cal diffusion at a minimum, and may contain strong anomalous

enhancements as well. Rewriting Eq. (2) in the form

~n(r) {xm(r) PO L= 9, O
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we dJefine ¥ (r) as the transport enhancement needed to give the desirable
temperature profile. In general, there is some degree of latitude in the A’
stability condition, so that T/T, = Fg(r/a) need not be enforced precisely
at all radii. Accordingly, wa can thirk in terms of two different types of
transport region: In Region I, the profile FS(r/a) is maintained by appro-
priate variations of X (r). 1In Region II, the lctal value of X (r) is such
that ¥, (r) would have to become negative to maintain Fg. Since the best we
can actually do is ¥Xg = 0, it follows that in Region IIX the T(rj)-profile is

determined in the "normal" way by X alone:

dTm
-n(r) Xm(r) = - $(r). (5)

In this region, we write T = Tplr), which generally will aot coincide with
Tg{r). The vanishing of Xs at the interface ensures that regions of types I
and II are tied together by a T(r)-profile with continuwous T and d7/dr.
Since Xm is a real physical transport coefficier:, it determines the
mggnitude of d'rm/dr, and tuaerefore of the whole T{r)-profile, wien 9$(r) and

n{r} are specified.

The noncentral heating experiments are a powerful tool for discovering
in what ranges of the tokamak profile type-II regions ave located. Equation
(5) implies that there will be a clear difference in the magnitude of the
local. 4T/dr, depending on whether PH(r) is peaked inside or outside a
type-II region, since the associated heat flux ¢ through the region will be
correspondingly different. The tokamak experiments exhibit relatively
little overall temperature variation or profile change for PH(r) peaked at
various radii out te r/a > 0.7, thus demonstrating that type-II regiocns <=an
only lie at the outer edge of the tokamak profile, This conclusion is
consistent with the experimental observation that changes in edge-plasma
conditions ({such as neutral hydrogen influx or impurity admixture) affect
transport rates throughout the tokamak plasmae. For simplicity we will
assume a single Region II, extending to the limiter; however, in the case of
tokamak plasmas bounded by a separatrix -- for whigh the A'-analysis would
tend +o yield appreciably different requirements -- there may well be a

(bistable?) type-XI profile at the very edge of the plasma.

H | i PoGETI mmE Ko
H '
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We now consider more detailed implications of the A'-interpretation of

profile consistency for the overall structurse of the tokamak temperature .

profile., Experimentally, one finds that both Xm and Pp increase towards the
plasma edge, so that temperature profiles in Region II tend to have positive
curvature. The Tg~curve shown in Pig., 8, on the other hand, reflects the
critical importance of maintaining a limited downslope of temperature at the
g = 2 point. The presence of a T, -type profile at g = 2 would be expected
to result in m =2, n =1 ingtability =~ a prediction that is readily
verified in tokamak experiments with enhanced edge-radiation cooling, If
instability is to be forestalled by the benign action of a profile-shaping
diffusivity Xg, then clearly x. should lie outside the g = 2 point.

It is alsc easy to see that re will tend to move towards the smallest
permissible radius. The plasma heating process in Region I tends to push
the temperature up against the stability limit T (r), which in turn must
always iie below the extrapelated T -curve. (This is because ¥ can only
act to diminish c¢onfinement -- i.e., the plasma would be hotter in the
abhsence of MHD activity.) The least restrictive temperature limitation is
obtained when Tg and T, coiricide to the maximum permissible extent ~- i.e.,
when r, is as small as possible. With a bow ta the authors of Ref. 10, one
concludes that the most natural location for r. is just outside the g = 2
point. 1If this conclusion is correct, it follows that in the case of Fig. 6
the global T; could be improved somewhat by shifting the power deposition to

smaller radiie.

The present line of argument alsc allows us to clear up. an apparent
weakness of the A'-version of profile consistency: -namely, that even f.or
fixed g{o} and g(a)} the set of permissible J(r)-profiles generally has some
finite breadth -- whereas a physically meaningful profile-consistency model
should offer a truly singqular prescription for Ts(r). The apparent latitude
in T{(r) can be eliminated by the auxiliary hypothesis that the plasma
temperature will “push up" towards its highest A'-stable, or nearliy A'-
stable profile. (A conspicuous illustration of this process is provided by
tokamak plasmas at the g > 1 stability boundary.) A specific Ts(r)—prof:.le
selected in this way seems likely to show at least some dependence on the
distribution of E'H(r) -~ as appears to be the actual case in the axperi-

ments. Another side benefit of this model is that, if the steady-~state

+ g
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temperature profile is assumed to be pressing against the very edge of the
family of A'-stable curves, then a fast response to heat-pulse propagation

or pellet injection becomes easier to understand.

The A’-model of profile consistency provides a natural explanation of
the evolution of the electron temp2ratuore profile during the tokamak
current-rise phase, Initially, a skin current tends to form, giving highly
A '~unstable nonmonotonic J{r)-profiles, which relax rapidly. Subseguently,
a centrally peaked profile, like that of Fig. 7, Type A, can wmaintain itself
stably as long as g(a) is still fairly large. The final phase is charac-
terized by sawtooth activity in the g < 1 region, with the Type-B profile
emerging as q(a) decreases to its steady-state value. The present argument
that the magnitude of Tag is determined by dTe/dr near the plasma =dge,
tends to account naturally for the experimental observation that the highest
values of T, occwr transiently for the centrally peaked Type-A profiles,
while a somewhat higher total energy content is measured subsequently during

the Type-B steady-state phase.

What are the implications for globai tokamak energy confinement?
According to the present picture, the heating power Py shouid be concen-
trated inside r, so that its contribution to the heat flux ¢ may help raise
id'l'/dr] at the critical point r, where the magnitude of the temperature
profile i, determined. For the same reason, one desires to minimize the
radiation cooling power PR in the region inside L Assuming, for
simplicity, that PH vanishes in the region r > r. while Py vanishes for
r < r,, we conclude from Eqs. (.” and (2)

<n> Toa

TE(a) 2 TE(IC) o« '¢(rc) ‘ (6)

2
n/ a

n(r ) x(rc)’

r
where an average density <n>= (2/a2) / dry ry n{ry) Fo(ri/a) has been
A K
defined. Eguation (6) has several interesting implications:
1. "“Empirical® scaling laws for T do not tell us anything about the
physics of microscopic transport in the 'hot, central part of the tokamak

plasma.

'!i



- 14 -

2, The exact nature of the plasma heating power ihput in the region
r <r, is unlikely to have a direct effect on Tg (though side effects of

auxiliary heating at the plasma edge may be important).

3. The "degradation"” observed with strong auxiliary heating must be
due mainly to associated@ changes in local plasma parameters at r.. 1In the
cagse of the empirical scaling of Ref. 23, this point of view would suggest
xm(rc) c:dBP/dr -- but one can also interpret the Ref. 23 scaling in terms
of )(m[rc) « ¢1/2(rc)/BP.

4, Central peaking of the density profile is helpful for enhancing T
as illustrated by <he "OH Pellet"™ points in Fig. 2 {but large values of
d(log n}y/d{log T) or J/n‘I'Vz = T/n near the plasma edge may well be damaging

to X(rc), as suggested by the TFTR freew-expansion experiments of Section 3].

5., If an MHD~related profile-shaping mechanism is depressing tokamak
cemperatures, tne "irreducible" central regicn confinement properties may
yet tuyrn out to be gquite favorable. Suppression of the ‘m = 1 mode should
clearly be advantageous.19 another promising approach will be to establish
better control over the edge plasma, which at present is relatively poorly
confined and thersfore potentially suitable == as well as conveniently
accessible -- for improvement by special techniques. I~ this connection,
the L-mode/H-mode transition comes to mind. Extension of the A'-apalysis to
noicircular geometry might help us to understand the nature of this
phenomenon and perhaps stimulate further improvements of tokamak edge

confinement.

7. Initial D-T Experiments

Current experimental developments on TFTR suggest that the exploration
of two sprcial D-T plasma regimes may prove to be particularly rewarding:
(1) The 1low density, energetic ion regime is expected to facilitate the
achievement of © = 1, and could be of substantial nuclear engineering
interest as the prototype of a compact steady-state fusion test reactor.
(2} The high density, noncentrally heated regime should lend itself particu-
larly well to the detection and study of alpha-heating effects, since the
central plasma region is expectzed to have reletively favorable nTg-values,

along with minimal levels of nonfusion background power deposition. An




i
i
i
4
?
1
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experiment of particular interest will be to create a moderate-g(a)
deuterium plasma regime with weak sawtcoth activity and look for a-driven

sawtooth excursions when tritium fuel is added.

The comtination of these two types of experiments in the TFTR D-T phase
seems likely to make a useful contribution to both the physics of burning

plasmas and the engineering of fusion reactors.
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Figure Captions

Fig, 1. Plasma density range of the initial TFTR experiments. Strong
central peaking is obtained during low density ohmic and neutral beam
heating and high density pellet injection.

Fig, 2. The TFTR "Cordey diagram." Central ion temperatures are plotted
against the product of deuterium ion density and central-region ecnergy

confinzment time in the central region.

Fig. 3. Q~values are calculaxed4 for (a) low density and (b) moderate
density TPTR deuterium plasmas at varicus neutral beam Injection powers.
The r«lative importance of the individual fusion-reaction mechanisms is also

shown. The minimum power requirement for D-T breakeven is indicated by the

dashed line,

Fig., 4, Degradation of energy confinement during adiabatic compression7 is
implied by the marked divergence of neasured electron temperature profiles

(dashed lines) from the ideal adiabatic predictions (solid lires).

Fig. 5. During major-radius compression, the g-value at the surface of the
plasma core remains constant, but the g-value at the vacuum chamber wall
(a) must £irst increase and then return to its starting value. The
declining phase of q is accompanied by MHD oscillations (b): the last three
bursts have been identified9 as m/n = 6/1, 5/1, and 4/1 Xinks. The

associated R-variation is shown in (c).
-3

Fig. 6. Neutral beam injection (5 MW D) into a plasma of 1014 cm central

density (I = 2.2 MA, B, = 4.8 T) gives rise to the noncentral power~
deposition profile (a), The electron temperature profjle, however, remains
normal (b), as does the global energy confipement time Ié. When computed asg
a function of 1, Tg is found to be strongly enhanced in the central plasma

region,

R T p—
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Fig, 7. Two tokemak current-density profiles having positive A’'~stability
except in the g < 1 region, which were selected fer their resemblance to
typical TFTR cases??; (A) d(e) =1 and a large J(a)-value (~5);:

(8) glo) ¢ 1, and a reduced q(a)-value (~2.8),

Fig. 8. Qualitative picture of the transition from Region I to Region II.
The edge-plosma temperature profile T is matched to the MHD-stable profile
Ty at rg» Profiles of the form TmR, resulting from excessive edge radiation
cooling, tend to be incompatible with the preservation of kink stability at

q = 2.



1 »andyy

: d
(w0, 01)%

0l G0 0
T I I I ] _ ] ] 0
.~
—_
-—
—~7 %y
\\\.\%\\4\”\\ i
— \\ o % - .JDO
\\\\\ ®) %V\O pd
& \\\.\\ v v \n\u@\ \\\\
| -~ - e
= L \ :
<0l v~ \ —0°(
~ v
\\\ 4 \\\
\\ \\
& PIdd HO ® .
ol o wlled gn v S
- B ¢
. 9
\\\ON' u/{Q)cu 14l
_ | | \ _ L | _ :
T 07¢

9
(w9, 0l) (0) %



21—

Z anidy

o8s_wd (2/0) 31 ()%

40! ¢0l 5,01
TT T T T T T T [TTT T T 1T 1 | |
-o—
—~o—i
o +~eoi O 7
&
v ‘ —
i v, 8 o o 1 -
v =
| 13119d HO e =
 8ld aN v v v ]
$095 HO o v ~
B SD9 gN Vv -
— 4141 -
— —10l
NI B | oo 1 ¢ I

BOVIXGE #

R



Q=FUSION POWER /BEAM POWER

Do—i + = =
0,005 D , Ep=120 keV Zeff= 1.0
Low Density
__ Total
50:50 D-T Beams
o0O3- _ _\____ L
0002 Beam-Beam 7
Reactions
0001 Thermal B
0 i
0 5

#85P0186

BEAM POWER (MW)

Figure da

T,

_zz—



Q=FUSION POWER/BEAM POWER

# 85P0I187

0.005

D°—D*

Ep=120keV Zeff = 1.0

0.004-

0.003|-

000t~

Qg = | for

Moderate Density

100 % Tritium
Target Plasma

0.002+ /

Beam-Beam

Reactions

Thermal

h

10 15 20
BEAM POWER (MW)

Fligure 3b

25 30

-Ez—



ELECTRON TEMPERATURE (keV)

#84X1182

I ! | 1
\( m Heel sec
2.510sec
A\ _2.505sec
2.502 sec
<
\ “Ae ?/ £2.500sec
[/ \ _W
| /, .
| \ /
\
—.
\
/ / / /
\
LY /V — /I —
2.5 3.0 3.5 4.0

MAJOR RADIUS (m)

Figurce 4



=-25a

#85X079|
O—T—T T T 7T T T T T T T T T T T
{a)
8-
6 -
q
(edge)
4
2r J
o LD S N T SN W W R WOu N U Ny N U A
2500 2.505 2.510 2.9i5
TIME (sec)
T T T T T T T T T T T T
' (b)
By
(AL.)
2.500 2.505 2.510 2.515
TIME (sec)
T T T 7 T T T ] 1 T T T

3.0;
R(m) —\\\
2.5 \\\‘-

7.3 o) PN I N U T [ U SN UHN S TN N N L

2.500 2.505 2.510 2.515
TIME (sec)

Figure 5



-26=

L A 92=(0)%1
AG2={0) )
011G6=(0) %
|| | |

9 AIndyy

L010VSH #

(W) &
08 “ow oy 02 0
ﬁ I I )
10
.w......, %
g .
- :m& JNO
{9}
IR N T N S .
Z~b [~b €0

(;W3/M) 3IMOd LNdNI



o |=b
]
o | r |
£
- (1)r
v =t 2=b 1=b
0 ! : . *
(4)r
v adh|
9010VGe #

e e vt P e



-28-

F#B85A0105

Region II

Region I

Figure 8




-3l

EXTERN@L DILSTRIBUTION IN ADDITION TO UC-20

Plasma Res lab, Austra Mat'l Univ, AUSTRALIA

Jr. Framk J. Paoloni, Univ of Wollongong, AUSTRALTA
Profe IeRe Jones, Flinders Univ., AUSTRALIA
Prof. M.H. Brennan, Univ Sydney, AUSTRALIA

Prof, F- Cap, Inst Theo Phys, AUSTRIA

Prof, Framk Verheest, Inst theoretische, BELGIM
Dr. D, Palumo, Og XII Fusion Prog, BELGIIM
Ecol: Royale Militaire, lab de Phys Plasms, BELGIIM
Dr. P.H. Sakanaka, Univ Estadual, BRAZIL

Dr. C.R. James, Uiiv of Alberta, CANADA

Prof. J. Telchmemm, Univ of Montreal, CANADA

COr. H.M. Starsqard, Univ of Saskatchewan, CANADA
Prof, S.R. Sreenivasan, University of Calgary, CANRDA
Prof. Twdcr W. Johnston, DRS-fhergle, CANADA

Dr. Hannes Barmard, Univ British Columbia, CANADA
Or. M.P. Bachynski, M¥B Tadmologles, Inc., CANADA
Chalk River, Nacl Lab, CANPDA

Zhengeu Li, SW Inst Physics, CHINA

Likrary, Tsing Hua University, CHDNA

Librarian, Institute of Physics, CHINA

Inst Plasm Fhys, Academia Sinica, CHB®

Dr. Peter lukac, Komenskeho Univ, CZECHOSLOVAKIA
The Librarian, Qulham Iaboratory, BNGLAND

Prof. Schatzman, Cheerwatoire de Nice, FRAICE

Je Radet, CEN-BPH, FRANCE

M Dupas Library, a8M Dupas Lilwary, FRANCE

Dr. Ton Mial, Academy Bibliographic, HING KNG
Preprint Libwary, Cent Res Inst Phys, HUNCWRY

Dre R.X, Chhajlani, Vilkram Unive INDIA -

Dr. B. Dasgupta, Saha Inst, TNDIA

Dr. P. Kaw, Physical Research Lab, INDIA

Or. Phillip Rosenau, israel Inst Tech, TSRAEL
Brof. S. Qperman, Tel Aviv University, ISRASL
Prof. G. Rostagni, Univ Di Padowm, TTRLY
Lirarian, Int'l Clr Theo Pys, TTALY

Mi.ss Clelia De Palo, Assoc EURATOM-ENER, ITALY
Biblioteca, del O EURATOM, ITALY

Dr. H, Yamato, Toshiba Res & Dey, JAPAN

irec. Dept. Lge Tokamak Dev. JAERT, JAPAN

Prof. Notuyuki Inme, University of Tokyo, JAPAN
Regsearch Info Center, Nagoya Iniversity, JAPAN
Prof. Kyoji dishikawa, Univ of Hiroshim, JAPAN
Prof. Sigeru Mori, JAERI, JAEAN

Prof. Se Tanaka, Kyoto University, JARAN

Library, Kyoto University, JAPAN

Prof. Ichiro Wawakami., Nihon Univ, JAPAN

Prof. Satoshi Itch, Kyushu University, JAPAN

Or. D.I. Choi, Adv. Inst Sci & Tech, KURER

Tech Info Divisicn, KAERL, KOREA

gibliothesk, Fom-Insc Voor Plasma, NETHERLANDS
Prof. B, liley, University of Wail .o, NEW ZEALAND
Prof. J.A.C. Cabral, Tnst Supericr itecn, PORTUGAL

Dre Cctavian Petrus, ALY CUZA dniversity, ROwNIA

Prof. MeAs Hellberg, University of Natal, SO AFRICA
Or. Johan de Villiers, Plasm. Physics, Nooor, 50 AFREICA
Pusicn Dive Libeary, JEN, SPAIN

Prof. Hans Wilhelmson, Chalmers Univ Tech, SWEDEN

Dr. Iennart Stenflo, University of UMEA, SWEDEN
Litvary, Royal Inst Tech, SWEDEN

Centre de Recherchesen, Ecole Polytech Fed, SWITZERLAD
Dr. V.T. Tolck, Kharkov Phys Tech Ing, USSR

Dr. DuD. Ryutov, Siberian Acad Sci, USSR

Drs G.A. Eliseev, Kurchatov Institute, USSR

Dr. V.A. Gluknikh, Inst Electro-Physical, USSR
Institute Gen» Physics, USSR

Prof. TwJ.M. Boyd, Univ Collee N wWales, WALES

Dr. K. Schindler, Ruhr Universitat, W. GERMANY
Nuclear Res Estab, Julich Ltd, W. GERMANY

librarian, Max-Planck Institut, W. GERMANY

Bibliothek, Inst Plasmaforscumg, W. GERMANY

Prof. R.K. Janev, Inst Phys, YUSLAVIA



