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W0The fluorescent decay of pyrene is markedly nonex-
ponential, Next to a fast decay component of 75 nsec
there is a weak underlying slow component of about 400
nsec. This was observed for all three sites and is as
yet unexplained.
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Because of its electrostatic properties, the rate of the parametric growth of the kine-
tic Alfvén wave [Alfvén wave with A=k, % %/w 2~ O(1)] is shown to be larger than that of
the classic result by a factor of Aw;/w,, where w_; and w, are the ion-cyclotron and the
Alfvén frequencies, &, is the perpendicular wave number, and ¢, is the ion sound speed.
This fact can be utilized to heat a plasma with typical tokamak parameters.

In a previous report,! we have shown that a
plasma with typical tokamak parameters can be
heated by the kinetic Alfvén wave which can be
excited in the plasma through resonant mode con-
version. The Alfvén wave which is excited by the
resonant mode conversion has a perpendicular
wave length, k,"!, comparable to the ion gyro-
radius, p;, and accompanies an electrostatic
component. Hence it is called the kinetic Alfvén
wave here. The dispersion relation of the kinetic
Alfvén wave is given by!

3 T
B, 2 [1+<—+—9->k zp.zJ
n“A 4 Ti L Mg ’
w?= Ripifxl, (1)
knszz(l +%>kL2p,2, k.%2p;2> 1.
i
It was shown in the linear analysis that both
electrons and ions are heated in a collisional re-

gime, while only electrons are heated in a colli-
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sionless regime by electron Landau damping.

In this report we show that, in a collisionless
regime, ion heating is possible by utilizing either
parametric decay to the ion acoustic wave if T,
>T;, or ion nonlinear Landau damping if T, < 57;.

Decay of a conventional Alfvén wave into anoth-
er Alfvén wave and an ion acoustic wave has been
studied by Sagdeev and Galeev® using the ideal
magnetohydrodynamic (MHD) equations. Applica-
tions of this process for heating plasmas have
been suggested by Vahala and Montgomery® and
Rashmore-Davies and Ong.? However, because
the growth rate is so small (~w,B,/B,; w, is the
pump frequency, B, the pump amplitude, and B,
the ambient magnetic field) the actual application
is considered difficult. Furthermore, if T, < 57T;,
the ion acoustic wave is heavily ion Landau damped
and such a decay becomes practically absent.

We show here that the parametric decay of the
kinetic Alfvén wave to the ion acoustic wave has
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a growth rate larger than the Sagdeev-Galeev re-
sult by at least a factor of w,;/w,, Where w, is
the Alfvén wave frequency. This fact makes its
application to the heating more realistic. We
further show that even if 7, < 5T;, where the de-
cay is absent, ion nonlinear Landau damping
which has a large growth rate [z w 4(B,/B,)*(w o/
w 4)?87!] can be utilized to heat ions.

Such enhanced growth rates appear through the
coupling due to the E,x B, and v,B, /B, drifts
caused by the pump fields E, and B,. These
drifts can produce a charge separation which can-

not be canceled because of the effects of the finite
ion gyroradius and finite electron inertia which

are absent in the classic ideal MHD treatment.

We assume that the plasma has g~ (m, /m;)"2.
In this case the compressional perturbation of
the magnetic field B, may be negligible. Hence
we use the classic two-potentlal field 5 E, = - 8y/
9z and B, = — V.¢, where z and L denote compo-
nents parallel and perpendicular to the ambient
magnetic field. The field equation can then be
written as

ACFPROEMCITRON @)
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where subscripts i and e are for ions and elec-
trons, and » and J are number-density and cur-
rent-density perturbations with the superscripts
(1) and (2) showing the first- and the second-or-
der perturbations in the wave amplitude.

For the kinetic equation in this frequency range,
the drift kinetic equation® is appropriate,

)
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where
Vg=Ug€+ %02 0+qBoz dtl"'vz FJ(;, (5)

f(X,v,,t) is the drift distribution, and the rest of
the notations are standard.

The linear response for the electron and ion
distribution functions, f,*) and f,*), are ob-
tained from Eq. (4) in their Fourier amplitudes:

M =f91, (6)
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where y=ey/T,, ¢=e¢@/T,, c>=T,/m,;, and x
=k,%c?/wy’. Substitution of these distribution
functions into the field equations (2) and (3) yields
the linear dispersion relations which can be de-
coupled; for the kinetic Alfvén wave,

> k 2’1) 2
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E’E=—7\Aﬁ ) (9)
and for the ion acoustic wave,
€(w,K)=14a,+x;=0, (10)
Ir=9%, (11)
and
- 8f; /6w, )/av
i=-cs v, —w/k (12)

Note here that €’s and y; are normalized so that
the leading terms in the €’s become unity.

We now introduce the parametrically coupled
equations between these two modes through the
pump potential @,, where @, is related to the
transverse component of the wave magnetic field
B +p Of the pump through

B,, ik, xk 0 ¢ 20— T)
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where, on the right-hand side, the subscript 0
refers to the pump quantities.

There are many nonlinear terms that contribute
to the coupling and the derivation of the coupling
coefficient is nontrivial. However, we leave the
derivation to the extended paper to be published
elsewhere.” Instead, we state the important
terms which contribute to the coupling coefficient
when A is large (larger than w/w,). These are
¥ (=E,x By/B,?) times the second term in Eq.

(7) [the product of ¥, and the first term in Eq. (7)
cancels with the ¥+« VE , term which originates
from the ambipolar drift term] and (¥;x B,) - af,©)/
8V, for the ions. For the electrons, in addition

to the corresponding terms the term ¥,B,/B,f,(*)
turns out to be crucial.

The coupled equations then read
EA((L’ yﬁ)ﬁ =A AaOQ_D_EO--E* ’ (14)
€slwo—w ’Eo - E)ﬁo-'ﬁ =APoPE*
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In these expressions subscripts A and s refer to Wa
the kinetic Alfvén and the ion acoustic waves, re-
spectively, and e, is the unit vector in the direc- Ws
tion of the ambient magnetic field B,. o Kz
Let us first look at the resonant decay process.

This applies to a case with T',>T; whereby the
ion acoustic wave can exist. Then y; = —k,’c ?/w® XoZ \a

=—(1+x,). Unlike the MHD case in which only
backscattering is allowed, three different types
of decay are possible here as shown in the w-k,
diagram in Fig. 1. The growth rate y, is obtained
from the coupled equation (14),

y {wAwsAAAs*WoP]W
o 41+,
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FIG. 1. Three types of decay are possible from w,
to wy depending on the signs of ks and &5 as well as
the size of Ay (=k, *c 2/w, ;) with respect to A, (=k, 52
Xcgt/wyY. In the MHD limit, where A— 0, only case
(c) is acceptable. In case (a), |k,| is decreased, while
in case (b), |k,| is increased as a consequence of the
delay.

By
B

: (18)

where 6 is the angle between &, , and k. The growth rate obtained above is larger than that derived
by Sagdeev and Galeev® by a factor of aw,/w, as is expected.

Let us now consider the nonlinear Landau damping process by the ions. This corresponds to a case
with T,< 5T;. Note that the ion acoustic wave considered here has a phase velocity ¢ (1+x,)"*2 which
is smaller than ¢, and hence is more likely subject to ion Landau damping. To obtain the growth rate
for nonlinear Landau damping one normally must include a higher-order response, f®). However, be-
cause of the combined nonlinear contribution of electrons to the coupling, it turns out that this higher-
order response is unimportant. The growth rate of the kinetic Alfvén wave through the nonlinear Lan-

dau damping y is then obtained again from Eq. (14), using w,—w~ (R, —k, )V r; 0 p; is the ion ther-

mal speed),

E Imy;  wg), sin®f

vy =w A A XD,

Note here that the use of the drift kinetic equa-
tion does not allow the finite-ion-gyroradius ef-
fect which would reduce the coupling coefficient
by a factor of e~%I,(b), b=F,%;?. Hence for a
large value of A in the above expression, y, is
maximized roughly at A~T,/T;.

For these growth processes to occur the pump
field B, /B, should exceed a threshold. For the
case of nonlinear Landau damping, the threshold
value depends on the damping rate of the kinetic
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Alfvén wave 6, (due to linear electron Landau
damping) which is on the order of 1%. Then for

a reasonable choice of other parameters, the
threshold amplitude of the magnetic field can be
reduced to < 10°2B,, and the corresponding growth
rate approaches the wave frequency. As was
shown,! if the kinetic Alfvén wave is excited by
resonant mode conversion, its amplitude is en-



VOLUME 36, NUMBER 23

PHYSICAL REVIEW LETTERS

7 JUNE 1976

hanced by a factor (kp)~%2 compared with the ex-
ternally applied field; hence even with a field of
several tens of gauss, the kinetic Alfvén wave
will have an amplitude of several hundred gauss
which can exceed the threshold of the nonlinear
ion Landau damping.

The ion heating occurs because of the cascad-
ing of the nonlinear Landau damping. As in other
cases of parametric heating,® the heating rate of
ions is roughly given by y(B,?/2u,)w,/w, sec™*
per unit volume.

In summary, we have shown that when %,c,/
we;~0(1), the parametric excitation of the kinet-
ic Alfvén wave has a growth rate larger by a fac-
tor of w.;/w, than the MHD result. The larger
growth rate is due to the noncanceling charge
separation created by the Ex B drift of the pump
field. Such enhanced growth rate and hence re-
duced threshold level can be utilized to heat ions
in tokamak-type plasmas even with 7,~T;. If the
pump field is applied through resonant mode con-
version the enhanced amplitude of the converted

kinetic wave eases such a process.
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A theoretical and experimental investigation of the time evolution of instabilities in
counterpenetrating, low-density, nonrelativistic electron beams is reported. The dom-
inant nonlinear effect is the dispersion in energy of the beam electrons by wave-particle
interactions. A large change in the frequency of the fastest growing mode is predicted
at moderate values of beam temperature (corresponding to k,A,~1). An experiment de-
signed to detect the new mode is performed. The observations confirm the theoretical

model.

We report here the results of a theoretical and
experimental investigation of the evolution in
time of an instability occurring in a counter-
streaming electron beam system confined by a
uniform magnetic field. The instability of this
system, with monoenergetic beams, has been
studied by several workers during the past few
years.'™® Instabilities which have been predicted,
and observed, are the two-stream instability!
and the one-half-cyclotron-frequency instabili-
ty.2"® The half-cyclotron-frequency instability
occurs as the result of interaction between a
space-charge wave on one beam and the backward
cyclotron wave on the oppositely directed beam2™®

This interaction takes place only when the beams
have finite cross section, or for short perpendic-
ular wavelengths. The wave frequency is close
to one-half of the cyclotron frequency when the
two beams have equal velocities.

In some prior experimental observations,*® the
mode at one-half of the electron cyclotron fre-
quency was observed to grow in time, saturate in
amplitude for a brief period, and then disappear.
What in fact occurs is that a nonlinear interaction
takes place between the growing wave and the
beam electrons. This has the net effect of slight-
ly increasing the temperature of the beams. The
presence of finite beam temperature in turn leads
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