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ment produced by a fixed drift. Numerical exam-
ples demonstrate that the comparatively weak
drift current expected in a tokamak has almost no
effect unless k and B are nearly perpendicular.
Thus with vD = v; and 8= 0, S(y)/S(y = 0) —1= 10 '
near the maximum (x= 0. 18) of the spectrum of
the deuterium plasma containing 10 Mo ' ions
per deuteron shown in Fig. 1. Enhancement as
large as 1% is achieved only when 8 reaches
S9.7'. Similarly, the drift perturbation of the ST
tokamak spectrum illustrated in Fig. 2 was com-
puted at x = 0.2 to be less than 2% if 8 was less
than 60'. So, provided k and B a.re far enough
from perpendicular, the influence of electron
drift on the ion feature expected for a tokamak
plasma appears to be negligible compared with
impurity effects.

Since the Debye length in a tokamak plasma is
75 to 100 p,m, the laser needed to reach the re-
quired e values at scattering angles large enough
to retain the spatial resolution inherent in scat-
tered-light experiments might be either HCN,
operating at 337 pm for which a pulsed power of
1 kW has been reported, ' or CQ, -pumped methyl
Quoride at 496 pm at a pulsed power of 30 kW. '
In either case, heterodyne detection' would be
obligatory.

We conclude that contamination of a hydrogen
plasma by heavy, high-Z ions can be measured
by collective scattering of laser radiation down

to about 10 ppm. In contrast to conventional
spectroscopy, fully stripped ions are detectable.
Moreover, a correctly designed scattering exper-
iment could measure the effective charge Z of
the plasma directly. Within the approximations

of the linear theory of fluctuations, electron drift
of the strength expected in a tokamak has negligi-
ble effect on these conclusions, provided that the
angle between the magnetic field and the scatter-
ing vector is sufficiently far from perpendicular.
Spatial resolution, without recourse to Abel in-
version, is a feature inherent in the scattering
technique.

We are indebted to Dr. J. Sheffield for drawing
our attention to this problem, and to Dr. A. Woot-
ton for valuable comment.
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A systematic study is made of the efficiency of first-harmonic ion-cyclotron heating
in hot, dense, large plasmas. Promising heating times are derived when the imposed
axial wavelength satisfies the rather restrictive high-temperature, high-density limita-
tion 0 - co»~V;w

&

~c"~.

Heating at the first harmonic of the ion-cyclo-
tron frequency (w = 2&v„) is considered to be one
of the more attractive supplementary heating
schemes for reaching ignition in large tori. As

is well known, ' ' this heating method depends up-
on the excitation of the fast hydromagnetic wave,
whose electric field at ~ = 2~„has an appreci-
able left-hand polarized component, i.e. , in the
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sense of the ion rotation. Efficient excitation of
the fast wave is, however, only possible above a
threshold density, corresponding to the lowest
radial magnetoacoustic resonance (see, e.g. ,
Messiaen and Vandenplas~). This limit proves
to be quite severe for most small-scale machines
and little experimental evidence for heating is
available until now. Dollinger et a/. ' reported
wave damping and plasma heating in the beach of
a linear device. Hosea and Hooke studied the
fast-wave propagation in toroidal geometry' and
reported ion heating. '

In the present Letter, we summarize a sys-
ternatic study of the optimization of harmonic ion-
cyclotron heating of large, dense, hot plasmas.
The wave-particle interaction leading to such
heating can be formulated by means of the colli-
sionless dielectric tensor' expanded in powers of
A. =k& KT m x " where k& i.s the component
of the wave vector perpendicular to the magnetic
field, e denotes the species, T is the tempera-
ture (assumed to be isotropic), m„ the mass, and

the cyclotron frequency. As usual, '' the ex-
pansion parameter is then assumed to be such
that terms of order higher than 1 need not be re-
tained. A bounded-geometry description was
first sketched by Vasileev et at. ,

' and a more
thorough one given by Cato' with application to a
particular experimental cold-plasma setup. The
present treatment differs from the latter in its
scope and in various amendments which will be
systematically pointed out, but particularly
through the boundary conditions which here apply
to a magnetically confined plasma. First, we con-
sider a homogeneous cylindrical plasma in a con-
stant magnetic field, toroidal effects being dis-
cussed afterwards.

The infinite plasma column of radius a is sur-
rounded by vacuum and excited from outside by
a rf field periodic along the z axis, which can be
expanded in a sum of transverse electric (TE)
and transverse magnetic (TM) cylindrical waves,
defined by their axial magnetic (H„) and electric
(E„)field components':

zu P n g [(k 2 k 2)1/2 ]0

x exp[i(ng + k,„z —cut)],

where x, 8, and z are the cylindrical coordi-
nates, k,„ is the axial wave number correspond-
ing to the nth azimuthal component, %0= ~c ' is
the vacuum wave number, and J„ is the Bessel
function of order n. The applied field induces a

rf field inside the plasma, given below, and a
scattered field

csc Q n H (l)[(k 2 k 2)1/2 ]
zsc n=- n

x exp[i(n g + k,„z —(ut)],

where H„~'-~ is a Hankel function. After imposing
the boundary conditions, one can calculate the
absorbed power Pby applying Poynting's theorem
over a surface S surrounding the plasma. The
dielectric tensor elements K;, , as given in Ref.
8, Eq. (9.9), are introduced in

c Qx (Qx E) + & K ~ E = 0

giving a dispersion relation of third order in k~ .
By the inverse transformation from k~' to —4~',
a factorable sixth-order differential equation de-
scribing the perturbations inside the plasma is
then found, the solution of which has the form

3

H, = Q A,„Z„(k~, ~) exp[i(n g + k,„z —(ut) ],

where the kj&' are the three roots of the disper-
sion relation. All other field components can
then be expressed in terms of the same constants

For a given n, there must be five boundary
conditions to determine the five unknowns: the
&,„,B„, and L„. Via the relationship between
kinetic A. ordering and moment expansion of the
Boltzmann equation (see also Ref. 10), we obtain
the following constraints at the plasma (P)-vacuum
(&) interface":

B,~ —B,"Bo"/Bo~ = —PoP„„/Bo,

Be'=Be', P,e =0

B.' Bo"/Bo' —B."= —uoprg/Bo'

Aside from the familiar continuity of E, and

Be, these equations express the fact that like
the equilibrium plasma pressure, the perturbed
plasma-pressure components P„„,P„e, and P„
must be balanced by a jump in magnetic field.

The numerical evaluation was carried out for
typical thermonuclear parameters. The applied
field is purely TE (G„=0) and is characterized
by a B„"of 10 B0" at the plasma boundary. We
note the following:

(i) A typical dependence of the absorbed power
per unit axial length P' on density (N) is shown
in Fig. 1 for fixed k, and ~ =2'„. The absorp-
tion, which is low below the infinite-plasma cut-
off ()op j kz c g ~ is very much enhanced by the
first magnetoacoustic resonances which are su-
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perposed on a background curve that increases roughly proportionally to density. At higher densities,
it levels off or even drops. The overall behavior can be understood qualitatively on the basis of the
infinite-plasma formula

where m~; is the ion plasma frequency, &0 the
vacuum permittivity, and V; = (2KT;m; ')'~2 the
ion thermal velocity. It can be shown that

jE„Ee — (iR+1)J„+,(k~r)
zE„+E, (N —1)Z„,(k,r) '

where k'~ is that of the fast wave. When up,-2

&k,'c', E can be approximated by 8 = —f(~ —S)/
(——', +S), with

S= &(A@V;sr~ /c'k, &u„')Z,

where Z is the plasma dispersion function of
argument (v —2'„)k, 'V; '. For n=0 and cold
plasmas, the left-hand component equals 3 of
the right-hand one. However, n, drops signifi-
cantly when e&, V; )&k, +„e . For instance, for
the case T; =10' of Fig. 1, n, decreases from
0.39 a,t N=10" cm ' to 0.05 at N=10
Physically, this very important hot dense plasma
effect results from wave confluence (see Fig. 2)
of the fast wave with an ion Bernstein wave. The
third wave present is of lesser importance. Over
the range where the fast wave is ion Bernstein
like, its heating properties are very much re-
duced.

In Fig. 1, not only the relative importance of

10'-

t the left-hand component decreases with density,
but also the magnitude of the average field in-
side the plasma. At fixed J3„", this can be due to
two effects: a change of the surface impedance
(—EeH, ') or a change of the field distribution
inside the plasma which is characterized by an
e-folding length proportional to Rek~/Imk~. As
these are mainly bounded-plasma effects, gener-
al considerations are difficult to formulate.

(ii) A typical dependence of P' on k, for fixed N
(10'~ cm 3) and ~ =2tu„ is shown in Fig. 3, where
the k, absorption band is strikingly clear. How-

ever, k, values higher than 10 m ' are entirely
unsatisfactory for the large plasmas under con-
sideration due to the exponentiallike I„(k,r) fall-
off of the exciting field (k, &k,). As a result, the
k, bandwidth is even more reduced.

(iii) The absorption around &u = 2'„ is often
very asymmetric. On the one hand, there is
the influence of the ion Bernstein wave which can
propagate for v (2+„(see Fig. 2). On the other
hand, the magnetoacoustic resonances which are
excluded from the immediate vicinity of 2v„.
when x»'V; )k, v„c' can be superposed anywhere
on the (v —2&v„)' Gaussian of Eq. (6) when the in-
equality is reversed.

We now briefly turn to the implications for to-
roidal field geometry. Because of the magnetic
inhomogeneity, absorption only occurs in a reso-
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FIG. 1. P' versus density for a cylindrical plasma
with parameters: deuterium, a = 1.3 m, &0~ = 5 T, p
=1 m, 7', =10 'K. The solid lines apply to an ion tem-
perature T; =10 'K and azimuthal mode numbers n =0
and —1. For the dashed curve, T; =106'K and m=0.
The influence of n is seen to be quite significant.

FIG. 2. Heal and imaginary parts of the square of the
perpendicular wave numbers of the first (F) and ion
Bernstein (B) waves around 2';. The plasma parame-
ters are those of Fig. 1, with T; =10 K and N= 10~

cm . The solid lines represent positive values, the
dashed lines negative ones. The waves are complex
conjugate from the confluence up to close to 2';.
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jp'-
TABLE I. Typical optimized heating times without

(v~) and with (v&) field correction.
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FIG. 3. P' versus axial wave number P» for a cylin-
drical plasma whose parameters are those of Fig. 1,
with T;=10 'K and N=10 4 cm . The arrows mark the
position of the infinite-plasma cutoff ($) ~»c ~ and
the hot-plasma limit u&,. &,~; ic

nance zone of approximate width 4 =k, V,-Rw„- '
where R is the major radius. In Fig. 2, it can
be seen that, when co~&'V; ~ k, m„c', a fast mave

approaching from the high-field side will encount-
er a zone of mode conversion before getting to
this resonance zone. Homever, this is in no way

restrictive, since the easiest way to launch waves
experimentally is from the outside or low-field
area of the torus. As regards the absorbed pow-

er, one can assume' that the energy is distribut-
ed over the whole plasma by means of the rota-
tional transform, in which case the values found

in the cylindrical approximation have to be mul-
tiplied by P= (2/w)ha"'. This leads to an impor-
tant reduction when L, i.e. , k, is small. How-

ever, the values thus found are too pessimistic.
Indeed, in our cylindrical approximation reso-
nance exists everywhere and a wave entering the
plasma will gradually damp as it proceeds. The
equivalent field in Eq. (6) is then averaged over
the whole plasma. In toroidal geometry, the
wave remains undamped until it hits the reso-
nance zone. While it mill then damp with about
the same e-folding length as before, the average
field will now be higher.

On this basis, we attempt a final assessment
of the heating efficiency for a deuterium plasma
with a=1.3 m, %=10'~ cm ' T =10' K, and
Bc"= 5 T and 8/a=5 under axisymmetric excita-
tion. The normalization is now based on the as-
sumption that for technological reasons the elec-
tric field Ee at the plasma boundary must be lim-

ited to 3000 &/m. Table I shows typica, l optimal
heating times T for various T; and k, combina-
tions. 7, is defined as MET, ~a'/PP', while v; is
the average corrected value based on the com-
puted e-folding lengths. As regards the k, =10-
m ' values, one should bear in mind that in or-
der for a structure located at ~=1.5 m to create
the assumed field, the Ee value at that radius
would have to be some 2X10' V/m. As v scales
as Ee, very promising heating times could be
achieved when higher fields are permitted.
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