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ABSTRACT

A simplified model of a fully ionized, stable magnetically confined
plasma, being subject to a classical transport, is used to estimate an
upper limit of the Lawson parameter niE. The latter is expressed in
terns of three variables, i.e. the plasma temperature, the beta value,
and the number of ion Larmor radii N. being contained within the thick-
ness of the plasma body.

There are tv/o results from this analysis. First, values of m.,-
near its upper limit are reached already at moderately large numbers
N.j. Such numbers are desirable in confinement systems where large Larmor
radius (LLR) effects become important to stability. Second, high beta
values are necessary when nir has to exceed its critical value for
ignition by a sufficiently large margin. Thus, when there is no effective
reabsorption of cyclotron radiation, low beta values would otherwise
lead to conditions which are insufficient for ignition.

Moreover, to reach the power levels of a full-scale reactor in
Extrap-like systems, the number of ion Larmor radii within the plasma
thickness would have to be in the range 10 £ N. < 30. An important
task for further analysis is therefore to determine the highest values
of N. for which stable plasma equilibria can be realized.



1. Introduction

Fusion research aims at the goal of a technically feasible and economi-
cally optimized reactor. In such a reactor stable plasma confinement has to
be realized by means of the smallest possible magnetic field strength, i.e.
at high beta values. Reaching such values also leads to a minimization of
the cyclotron radiation losses. In addition, high beta values often become
associated with relatively large ion Larmor radii a. as compared to the
characteristic dimensions of the plasma body. The resulting large Larmor
radius (LLR) phenomena are expected to have an important stabilizing effect
on a large class of plasma disturbances [1, 2].

In the present paper the dependence of the Lawson parameter nT_ on the
beta value and on the ion Larmor radius will be studied by means of a simple
idealized plasma model. This model is used in a crude estimation of the
highest values which can be reached for m ? in a magnetized plasma.



2. The Energy Balance

The deductions of the Lawson parameter are based on an earlier analysis

[3] and are specified as follows:

(i) A hot and clean plasma of ion density n, mass number A, charge number
Z = 1, and temperature T. = T = T is assumed to be confined in a
steady and stable state by a magnetic field EJ. The latter forms a
closed bottle for the plasma which has an average thickness 2a in the
direction perpendicular to 15.

(ii) The average density n is chosen high enough for the plasma to become
impermeable to neutral gas, i.e. n~a is made to exceed the value
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2 x 10 m by a substantial factor [41. This implies that there is a
hot fully ionized plasma core of a thickness nearly equal to 2a, being
surrounded by a thin, partially ionized boundary layer within which
plasma-neutral gas recirculation takes place.The power which is fed into
this boundary region in a steady state is provided by the heat flux
being lost from the fully ionized plasma core, through its interface
with the partially ionized boundary layer [51. Consequently, we restrict
the present analysis to a fully ionized static core being free from
neutral gas.

(iii)The plasma is subject to classical confinement by a field strength

S - ,B. being large enough for the ion and electron gyrofrequencies to
become comparable to or larger than the corresponding effective collision
frequencies. If necessary, the dimensionless factors introduced in the
following analysis as coefficients in the expressions for various trans-
port phenomena can be modified to simulate, in a crude way, neoclassical
and anomalous particle and heat transport, radiation losses due to
impurities, and reabsorption of cyclotron radiation.

Following earlier estimations of the energy balance, the energy contain-

ment time i now becomes [3]



o o (1)

where (n , T , B ) denote corresponding maximum values within the plasma body.
In this expression (fy, f , f. , f ) are dimensionless factors of order unity
which represent the total energy content of the plasma, the total losses by
ion and electron diffusion and heat conduction, the total loss by bremsstrahlung,
and that by cyclotron radiation, respectively. These factors depend upon the
profiles of nT, div(.WT), div(nTvn), n V f , and nB T, where * is the heat
conductivity across B and y_n is the diffusion velocity across B. In
SI units \>e further have k = 1.5 x 10~42(SnA) (in V3As2rn//K) [61,
kb = 1.7 x 10"

40(in VAm3/vir) and kQ = 8 x 10"
24(in Am4/Vs2K) [71.



3. The Lawson Parameter

Starting from expression (1) the variations of the Lawson parameter nr_
will now be studied as a function of the beta value and the ion Larmor radius.
The beta value is defined by

- 3o = Vo k To / Bo

Further, the local ion Larmor radius becomes

a. = (2mikT)
1/2/eB

We now define the number

Ni = /dA/a. = fi^-aB /(AT )
1 / 2 = f.k.a(4u kn /A3 ) 1 / 2

0

of ion Larmor radii which are contained within the thickness a

is a coordinate in the direction across B,

fi = /i[3(A)/BoJ/[T(A)/To]
1/2(dA/a)

(2)

(3)

(4)

[8]. Here A

(5)

is a dimensioniess profile factor of order unity, and
k. = e(A/2m.k)1/Z = 0.75 x 106(inm/K/Vs). In the particular case of Z-pinch-
like configurations expression (4) reduces to

Ni = ef^^N/Trm^j)
1 7 2 (Z-pinch)

where N is the line density and f. a profile factor of the
density distribution.

i

(6)

current

i
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With the d e f i n i t i o n s (2 ) and (4 ) the Lawson parameter given by e q . ( 1 )

can be w r i t t e n as

l m E ) 0 / [ l + ( N i o / N . ) 2 • ( S 0 / S ) l ( 7 )

(n E}o = 3 k W f b k b

N2 = f f2k k2 /f.k.T vJ (9)
TO p i p i b b o v '

o " 4 "o f c k c k T o / 2 / f b k b

Thus, at a fixed temperature T , the parameter m , increases with increasing

N. and ...

As a numerical illustration a deuterium-tritium mixture is chosen at
T Q = 10

8 K and with A = 2.5. We further assume :.nt\ = 18, f = 0.50, ffa = 0.35,
fc -- O.L

;5, f = 0.80, fi = 0.70 and obtain (n~.E)o=3.5xl0
21s/m3, N i Q = 25 and

= 2.3. The behaviour of nr as a function of N. for the values

. = 1 and •; = 0.05 then becomes illustrated by Fig.l. With the adopted
20 3data, the Lawson limit (nv) - 10 s/m for the DT-reaction can only be

reached for beta values larger than S - 0.07. Cyclotron emission is not
assumed to be reabsorbed in the plasma in these examples. For the dashed parts
of the curves the accuracy of MHD equilibrium theory becomes questionable,
on account of the large ion Larmor radius.



4. Reaction Power in Extrap with Iron-Cored Coils

So far the magnitude of the thermonuclear power has not been included
in the present discussion. According to an earlier analysis on Extrap
configurations with iron-cored coils [9], this power can for the DT-reaction
be expressed as

PDT = cDT(R/a)BvirloDTQDTNj/4k
2e3vT^ (11)

in the present notation. Here c^j is a dimensionless factor of order
unity, R and a are the major and minor radii of a toroidal pinch
configuration, ~T is the thermonuclear reaction rate, Q n T is the
released reaction energy, and B • is the maximum magnetic field strength
within an iron core being used for the magnetic field which stabilizes the
Extrap pinch.

With the data adopted in the earlier analysis [9] two examples have
o

been given under reactor conditions at T Q = 10 K. The first concerns a
reactor-like experiment without blanket where a = 0.4 m. In this case
eqs. (4) and (11) yield Ni = 13 and PQT = 60 MW. The latter example
concerns a reactor with blanket and ninor radius a = 1 m. Then eqs. (4)
and (11) yield Ni - 33 and P D T ~ 103 MW. In these two examples about
7 and 11 ion Larmor diameters are thus needed within the plasma minor radius.
Inspection of the curve for 3 = 1 in Fig.l shows that these values of
N, are situated within the upgoing branch of m > » somewhat below the
"saturation" level of the Lawson parameter.



5- Discussion

From the results obtained in Section 3 with its numerical examples, the
following conclusions can be drawn:

(i) Values of n v being close to the upper limit of the Lawson parameter
can already be reached at a limited number N^ of ion Larmor radii.
This corresponds to about five ion Larmor diameters (N.=10) within the
plasma thickness "a" in the examples given by Fig.1. Thus, it does not
pay to choose large N. when attempts are made to reach high values of
niy. On the contrary, when considering the stabilizing effects of large
Larmor radii, as low a number of N- as possible should be chosen, without
getting into conflict with the desired value of nir. A moderate increase
in the heat losses and in the corresponding factor f of eq. (9),
such as by neoclassical transport or weak anomalous losses, would not
change this picture noticeably.

(ii) High beta values, close to unity, should be aimed at, in order to make
20 3the Lawson parameter exceed its critical value (nv) ~ 10 s/m of

the DT-reaction by a sufficiently broad margin. When there is no effective
reabsorption of the emitted cyclotron radiation,low beta values would
otherwise lead to values of nx being insufficient for ignition. On
the other hand, strong reabsorption and a corresponding large decrease
in the factor f of eq. (10), could raise the maximum (saturation)
level of nir substantially.

(iii)Under fuM-scale reactor conditions of Extrap-like systems, the number of
ion Larmor radii is expected to be in a range 10 £ N. < 30, i.e. at
values somewhat below full "saturation" of m v . Within this range small
and intermediate scale disturbances are still expected to be subject to
strong kinetic damping [1,2]. Earlier small-scale experiments at modest
plasma temperatures and pinch currents [10] have shown that macroscopi-
cally stable conditions can be realized at least for N. < 2. An important
task of further theoretical and experimental research on Extrap and
similar configurations is therefore to determine the highest values of
Ni for y/hich full stabilization can be achieved.



(iv) To sum up the conclusions regarding Extrap-like systems, it is
thus seen that relevant values of the Lawson parameter are expected
to be reached already at rather low values of 1̂ .. On the other
hand, full-scale thermonuclear power levels P^j require N- to be
at least of the order of 10, due to the cubic dependence of PDT

on N^.

Stockholm, November 8, 1985
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Figure Caption

Fig.l. Lawson parameter nip as a function of the relative number N.

of ion Larmor radii, at the beta values B = 0.05 and 3 = 1 in a
o

plasma of temperature T = 10 K and with further data given in
Section 3. Cyclotron emission is not assumed to be reabsorbed in the
plasma. For the dashed parts of the curves the accuracy of MHD theory
becomes questionable.
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A simplified model of a fully ionized, stable magnetically confined

plasma, being subject to a classical transport, is used to estimate an

upper limit of the Lawson parameter nx^. The latter is expressed in

terms of three variables, i.e. the plasma temperature, the beta value,

and the number of ion Larmor radii N. being contained within the thick-

ness of the plasma body.

There are two results from this analysis. First, values of m ^
near its upper limit are reached already at moderately large numbers
N-. Such numbers are desirable in confinement systems where large Larrcor
radius (LLR) effects become important to stability. Second, high beta
values are necessary when ntr- has to exceed its critical value for
ignition by a sufficiently large margin. Thus, when there is no effective
reabsorption of cyclotron radiation, low beta values would otherwise
lead to conditions which are insufficient for ignition.

Moreover, to reach the power levels of a full-scale reactor in
Extrap-like systems, the number of ion Larmor radii within the plasma
thickness would have to be in the range 10 £ N, £ 3 0 . An important
task for further analysis is therefore to determine the highest values
of N. for which stable plasma equilibria can be realized.
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