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the onset criterion used. Therefore, the influence of
the horizontal elongation on the onset of tearing
modes can be described by the safety factor alone.

In conclusion. passive feedback control of axi-
symmetric modes in approximately elliptic-cross-section
plasmas allowed b/a = 0.75. For stability without
control, bfa 2 0.85. With a restricted aperture.

b/a = 0.95. These limits are predicted by rigid-shift
calculations in which flux conservation and experi-
mental circuit parameters are accounted for.

Confirmation of the shape predicted by equilibrium
calculations is obtained from field perturbations
produced by tearing modes. This implies that only
the safety factor determines the instability onset.

The author thanks Dr. D.C. Robinson for continuous
support throughout the study.
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A PROPOSED METHOD OF DETERMINING THE
CURRENT DENSITY PROFILE BY UTILIZING
ORDINARY AND EXTRAORDINARY WAVES

S. SHINOHARA (Department of Physics, Faculty of
Science. University of Tokyo, Tokyo, Japan)

ABSTRACT. A proposal for determining the current
density profile of tokamaks by the use of ordinary and
extraordinary waves is presented. Transmission paths of both
waves are taken along a constant major radius. Using micro-
wave interferometry, the phase shifts, which depend on the
magnetic field, give the current density profile. An estimate
of the plasma density distribution is also discussed.

The poloidal field, which is related to plasma con-
finement, is very important in nuclear-fusion research,
but the current profile has not been measured directly.
In a large-scale tokamak, information on the current
profile can only be obtained indirectly, e.g. from a
measurement of the electron temperature and the
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value of Z¢r. Recently, a measurement of the direction
of the magnetic field by laser light scattering has been
proposed and now carried out in the DITE tokamak
[1]. This method uses the cyclotron modulation of

the scattered light spectrum.

In this paper, we propose a method of estimating
the current profile by measuring the phase shift of the
ordinary (O) and the extraordinary (X) microwaves,
when the density distribution function is known.

When the waves propagate through the plasma in a
tokamak, the angle () between the direction of the
magnetic field line and that of wave propagation is
changed owing to the poloidal field.

If the collision and the thermal terms are neglected,
the refractive indices of the O- and X-waves are
expressed in the following form [2]:
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respectively, where w is the applied frequency, Wp
the electron plasma frequency. and Wee the electron
cyclotron frequency. Using these refractive indices,
we can write the phase shifts of the O- and X-waves in
a plasma of dimension 2L as follows:
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where A is the wavelength of the applied frequency.
We assume that
(1) the conditions a <€ 1, @f(1 — %) < 1 are satisfied,

where & = w}/w? (= nee? /meeq w?, ne: electron
density, me: electron mass, e: electron charge.
€y: dielectric constant in the vacuum),
B = weelw,

(ii) both O- and X-waves take the same path.

(iii) the density distribution along the transmission
path is expressed as

ne(x) = ngil = (x/L)?}K (5)

(n¢ is the value of the peaked density.)
When 8 is nearly #/2 radians, the refractive indices
of the O- and the X-waves, to first order in the ¢
term and second order in «, are
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Using Eqs (3), (5). and (6). we have
L 2k
gﬂf o | x\21 Kk of : x\
= — _— — — + — —_ —
-L
Q x\2] K
+—=1-(= 2(x)|d
1
_ Mol B<l, K+ 1) +°iB(—. 2%+ D =g
A 2 4 \2
(8)
where

L
(A) l fA( )dx
= X

2L
-L

2
ag = nce’fmeey w and
1

B(p,q) = ftp‘l(l —t)4-1dt (beta function)
0 .

Similarly, Ad®y is obtained from Eqs (4). (5). and (7).
when g is nearly independent of the position:
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Let’s calculate the {a¢?) term in the case where the
current density is expressed as j(r) = jo{1 — (r/a)?}™
(a is the plasma current radius, m is an integer).
Figure 1 shows the cross-section of the cylindrical
plasma. The X axis runs parallel to the propagation
of the _waves (K) and the z- ams is along the toroidal
field (Bt). The poloidal field (Bp) has the x-component.
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FIG.1. Cross-section of cylindrical plasma and variables used
to calculate the {ag®) term in the circular tokamak. B,: toroidal
field, By: poloidal field, K: propagation of waves, a: plasma
radius.

By siny and the y-component — By, cos ¢ at the point
A (rcosy, rsiny. 0) in the (X.y, z) co-ordinate system.

When B¢ > By, is satisfied.
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at the point A in Fig.1. Using
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Making use of L =v/a*> — y2. we finally obtain:
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where q, is the safety factor at the boundary r = a and

R is the major radius.
For example,
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Figure 2 shows the dependence of L{ag?) ony/a
withk=0.1.2,and m=0,1. 2.

When we express () as acqbé, o, 2L, and n¢ are
derived from Eqs (8) and (9):
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When the density distribution function is known
(the values of ng, k. L are known). the values of (a?)
are obtained by Egs (8) and (9) in one path of the O-
and the X-waves. We can obtain the values of m from
those of (x¢?), using Eq.(13). With many channels
the current profile is obtained more accurately.

The accuracy of this method is limited by the
higher terms of « and ¢?%. and the horn aperture.

In the case of a non-circular tokamak, Eqs (8) und
(9) are used. but the {a¢?) term must be calculated
according to the current profile. Nevertheless. with
many channels of the waves. the current profile can be
estimated from the values of {a¢?).
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FIG.2. L{a¢®) as a function of the position yja with k = 0,
L 2and m=20,1, 2.
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FIG.3. Plot of afx)fag versus x[L* for various values of k.
The value of k is changed from 0.0 to 4.0 in this figure, as
the condition 0.5 <k < 2.0 is satisfied in most of the present
tokamaks.

Although the current profile is derived from the
density distribution. the latter can be derived if the
current profile is known, by using Eqs (13). (16).(17)
and (18).

If the aspect ratio and the safety factor are large,
the value of (a@?)/{a*) becomes small and ¢2 may be
regarded as vanishing. For example, if the aspect
ratiois4, k=1.m=1,q,=8,a,=0.1,and y = a/2,
{a¢p®) and (o) become 1.7 X 107™* and 5.3 X 1073,
respectively. In this case, 2L and n, are calculated.
only assuming the value of k along the one path even
when the cross-section is non-circular (this yields
information on the elongation). Figure 3 shows
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ax)/a¥ versus x/L* for various values of k. when the
values of A®g and Ady are fixed. In the case of a
flat distribution, o is expressed asa and L as L*.

In most of the present tokamaks. the value of k lies
between 0.5 and 2.0 (e.g. k = 1.5 in the stationary
stage for T-10 [3], k=0.6— 1.0 for TFR [4],k=1.0
for Doublet 11A [5], and k = 1.0 — 2.0 for JFT-2 [6]).
This figure shows that the value of L changes about
+10% and a; * 5% when the condition 0.5 <k <2.0
is satisfied.

We can also obtain more information on the current
profile with an arbitrary cross-section even when the
conditions (i), (ii), (iii) are not satistied. The current
density profile is determined from Egs (1) to (4) with
more channels of the microwave interferometry than
the number of the free parameters of the assumed
current density profile. For example, if we assume
a current density profile of the form

XZ y2 m
ix.¥)=]o <1 el “@)

(the cross-section is in the x, y-plane), more than three
channels are necessary to determine the three para-
meters a, b. m.

In this letter, it is shown that the relation between
current and density profiles can be calculated by
measuring the phase shifts of O- and X-waves. This
method is applied to a determination of the current
profile.
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ON THE RAY-HORA THEORY OF STOPPING
POWER OF PLASMA ELECTRONS

T. HAMADA*. E.P. GEORGE (School of Physics.
The University of New South Wales, Kensington.
N.S.W., Australia)

ABSTRACT. It is shown that the Ray-Hora theory describes
the behaviour of plasma stopping power qualitatively well only
in those cases where the test ion speed is much higher than the
thermal speed of the plasma electrons. Consequently, the
conclusions of this theory concerning significant reheating
effects in laser-driven fusion plasmas are questionable.

Let us consider the energy transfer from energetic
test ions of charge Ze to plasma electrons in thermal
equilibrium at a temperature T (in energy units).
Basically, one has to solve Boltzmann- or Fokker-
Planck-type equations to find the relaxation of the
energy distribution function of the test ions starting
from a sharp initial distribution. However. as long
as the ion is sufficiently energetic so that E > T, the
energy dispersion is negligible compared to E itself.
[t is then meaningful to discuss the problem in terms
of the average energy loss by the ion per unit distance
traversed, -dE/dz, i.e. the stopping power of the
plasma electrons.

Ray and Hora [1, 2] have recently presented a
theory which leads to a stopping power given by

-dE/dz= (Zew, /V)* In[V2(mT)?/Zecw,] (1
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Mito 310, Japan.
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where V is the speed of the ion, m the electron mass,
and w, = (4mne?/m)'’? is the plasma frequency, with
n the electron number density. The stopping power
(1) increases with T for a given E or V. It also keeps
increasing as E approaches the thermal energy from
above. These features are very hard to understand
physically. Thus, formula (1) leads to a thermalization
range narrower than more conventional values by
quite a few orders of magnitude at sufficiently high T.
This. in turn, results in a very strong re-heating effect
by fusion-produced nuclei which significantly
increases reaction gains in an inertially confined hot
plasma [3].

In view of such an important consequence, we have
critically examined the validity of formula (1). Our
conclusion is that the use of formula (1) cannot be
justified for the discussion of the re-heating effect in
a hot plasma. Consequently, Ray and Hora's con-
clusions on the reaction gains [3] are open to question.
[t is the purpose of the present letter to report on this
point.

The derivation of formula (1) by Ray and Hora [1]
is identical with the derivation of the stopping power
of ordinary matter often found in text books of
nuclear physics, e.g. Segré [4]. It is then immediately
clear that the validity of formula (1), if existing at all,
is subject to the condition that the ion speed be much
higher than the average electron thermal speed. i.e.

x > | where

[
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R

x = V(m/2T)

Ray and Hora’s choice of the minimum impact
parameter,

bonin = Ze2/mV? (3)





