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A modulated electron beam is injected into a low-P plasma parallel to the confining
field to investigate the energy-transfer rate from the electron beam to the plasma. Para-
metric excitation of electrostatic lower-hybrid waves and ion-cyclotron quasimodes is
experimentally identified. The temperature of both ions and electrons is observed to in-
crease significantly concomitant with the growth of the instability.

Plasma heating by high-energy particle-beam
injection is considered to be one of the most
promising methods of obtaining the ion tempera-
tures necessary for a thermonuclear plasma.
Relativistic-electron-beam injection has the ad-
vantages of high-energy density, easy beam pro-
duction, and efficient beam-target energy trans-
fer. ' The mechanism by which the beam trans-
fers its energy to the target plasma has been a
subject of intensive research. ' '

In the present experiment an electron beam in-
jected parallel to the confining magnetic field (8
=2-6 kG) of a low-P, isothermal (T,=T;) plasma
is density modulated at or above the lower-hybrid
frequency (~„„)of the target plasma. We ob-
serve that such a modulation can parametrically
excite a lower-hybrid wave and either an ion
quasimode or an ion-cyclotron mode. ' " The
significant contributions of this work are the de-
tailed measurements of the subsequent paramet-
ric instability, including the frequency and wave-
number matching of the decay process (~, =~,
+&a„k,=k, +%,), the dispersion relations, and
the electron- and time-dependent ion heating
caused by the instability. The observed anomal-
ous beam-plasma energy-transfer rate (T;, 'dTt/
dt-100 @sec) is - 10' times faster than classical
collisional energy transfer.

The experiments were performed in the ther-
mally ionized potassium plasma of the Princeton
Q-1 device converted into a double-plasma ma-
chine, as shown in Fig. 1.""A negatively biased
mesh divides the plasma. column (3.2 cm diam)

into a beam-extraction plasma and an 8V-cm
long (=-L) target plasma $,=10' cm ', T,=0.3
eV, &;=0.4 eV; probes show that all radial pro-
files are flat out to r =16 mm). With the target
ionizer plate grounded and the beam-ionizer
plate biased (V,™-12 V) such that the potential
of the driving plasma is 2-3 V less negative than
V „b,a suprathermal electron beam (current
-1 mA) is driven into the target plasma. The
beam is defined by a mechanical aperture (6 mm
diam) and has a velocity Vq= (- 2e Vbt~/m, )

' and
density

The sharp radial drop in plasma potential at the
edge of the electron beam results in a strong ra-
dial electric field, and with an unmodulated high-
density beam, the cross-field electron current
(cE„&&B/B) drives a modified two-stream insta-

FIG. 1. Schematic of beam-plasma system.

Work of the U. S. Government
Not subject to U. S. copyright 1045



VOLUME 41, NUMBER 15 PHYSICAL REVIEW LETTERS 9 OcxoBER 1978

dB

0 ) I~
gimel)j)1 jgjf

~IS

gg IIII20
~l("'

'

bility with a peak amplitude at the lower-hybrid
frequency an od localized near the beam edge. ' In
the present experiment, Vb;I is sufficiently
smaall that this wave is not excited.

S position of a modulated voltage (e VSuperimposi i- 1 V peak to peak) on the mesh bias at a frequen-
(u ')~' (where ~~ /&u «1 andy (Op + COLH

—
g(d&& + Q)

~~; /cu„.- 7) causes the beam density, and there-
fore the radial electric field, tS oscillate at ~p.

-h brid waveThis pump wave decays into a lower- y ri w

(~, =&u, —~,) and a low-frequency decay wave
&o,

-~„)where the subscripts 0, 1, and 2 denote
the pump and the low- and high-frequency decay
waves. The amplitudes of both decay waves are

caked at nearly twice the beam radius. Para-pe e
metric decay occurs in discrete xnterva ls of
typica y &copt ' ll 1&co /~ &2 (most unstable regime),

co /40 =274.5 & co, /&uLH& 6.5, and others up to &uci &u„„=
(upper limit of wave generator). ypicA t ical fre-
quency spectrum is shown xn Fig.Fi . 2(a). The fre-

quency-matching rule (&uo ~1+ 2 is strictly sat-
isfied for all &p.

The perpendicular wave numbers (ki=ks+
were determined by measuring the phase shift
between the signals detected by two probes as
one probe was moved radially (k„)or rotated
azimuthally (k s) with respect to the other. Figure
2(b) demonstrates k s matching: k s, = - k s» k s,
=0. The decay waves have standing-wave struc-
tures in the radial direct~on where p

~ ~

lk I& lk I

= Ik I& Ikssl, confirming k„matching. The pump
and decay waves are mixtures of trave ing

egp c
lin and

san int ding waves in the axial direction. From the
xiallphase shift between two probes separated axia y

by L/3 and aligned with B, we find that k,(c~, »
=2m/NL withN =1, 2, or 4 for each wave. The
standing-wave structures, determined from cal-
ibrated wave-amplitude measurements at three
probe positions separated by L/3, indicate k,
matching where Ik„I = Ik„I =s 2L = „2.= Ik 2.

By comparing the experimental and theoretical
dispersion relatxons (e, vs k, a, 'gthe hi h-fre-
quency ecaydecay wave has been idnetified as a low-
er-hybrid wave (LHW) as shown in Fig. 3. The
theoretical results are obtained from a numeri-
cal solution of the warm, fully magnetized plas-
ma dispersion relation in a slab geometry. "

As candidates for the low-frequency decay
wave co,-~„-(

- e .) one can consider the first ion
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FIG. 2. (a) Typical frequency spectrum,rum (~ /2w =156
/27i=1. 1 MHz). (b) &s matching (solid line iskHz~ gH 2& — . z. 8

ious & with4' =- 4 ). Data points correspond to various '
p61 62 ~

z(z /27t (]..53all other parameters constant (1.40 MHz-
MHZ).
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Bernstein mode (IBW, LD, /k„ve» 1, 1.25 &Ltd, /
cD„.&2), the ion-cyclotron wave (ICW, LD, /k„v,
«1, 1&LAN, /LD„&1.15), and the ion quasimode
(IQM) which has maximum growth rate" for LD, /
k„v,= 1, where v, ' = 2T, /m, . Exper imentally,
we find that e& cdL/keLve &3 and 0.4& ctt, /Ltd„& 1.25
for all ctt» and the IQM requirements are always
satisfied. The ICW requirements are occasional-
ly met for ~p) 1.2'~„,but the ICW dispersion
relation is not satisfied. The IBW is not found.

In the theory of parametric decay into a LHW
and an IQM, the LHW is a normal mode [s(LD»k, )
=0] satisfying the dispersion relation as shown
in Fig. 3(a)~ For a given ~„the IQM is a forced
oscillation with co, and k, determined by co, =~0
—ctt, and k»=-k» (since k»=0). Thus, each
different LD, results in a similar IQM curve, but
shifted in frequency. A typical IQM curve for
LDo/cd L„=1.48 is shown in Fig. 3(a). The IQM and
LHW data points for coo/cent, H =1.48, indicated by
&&'s, both lie close to their respective theoretical
curves. IQM curves (not shown) for each of the
other nine ~0 values must show similar agree-
ment with the IQM data points since LD and k i
matching and the LEiW dispersion relation are
satisfied. A numerical solution of the IQM theory
predicts maximum growth rates for k~z, ,- 2, as
observed.

Assuming an electrostatic pump wave of the
fOrm E =EDCOS(cDat -ko X), Where k,o«ke, &k«
and k„k„/k„oksL&ctyo/ctt„«1, the dominant term
in the parametric coupling coefficient is p,

= cE&p e, /BLD„corresponding to the azimuthal
E &c B drift of the electrons. ' For IL«1, II(;,e(LDa)l

« II(;,(LD,) l, and ignoring the decay wave at the
upper sideband of the pump, the dispersion rela-
tion for the parametric decay of the pump wave
~S7F10

e (LD)e (cu, —cD) + —,
'

p,'y;(cd)I(, (LD) =0,

where e(Ltd) and t'(etta- Ltd) are the dielectric con-
stants of the IQM and LHW, and I(;,(LD) are the
ion and electron susceptibilities of the IQM.

In Fig. 3(b) the calculated threshold pump am-
plitude' is plotted versus (d0 and compared with
the measured threshold (U/C, =cE„a/BC,) which
is the lowest pump level, for a given ~0, at
which decay waves are discernible above the
plasma noise. Here Ce'=Te/m;, and E„o=k„ohio
is the fluctuating pump potential which is meas-
ured with a calibrated Langmuir probe. " The
theoretical threshold is determined by the elec-
tron collisional damping of the LHW, v, =0.3~«
in this experiment, and by electron Landau damp-

ing of the IQM (phase velocity, & =cDL/k„v,
=1-2)~

' The agreement between experiment and
theory is quite satisfactory considering that we
have neglected the fine structure of y;.'0

An important consequence of this instability is
the observed strong perpendicular ion heating
and its possible implications for lower-hybrid or
electron-beam heating in fusion plasmas. " To
investigate the time dependence of the instability
amplitude and the ion heating, the modulated
mesh voltage (pump) was pulsed on (rise time
&1 ILsec) for 400 ILsec. As seen in Fig. 4(a) the
amplitudes of both decay waves grow, saturate,
and fluctuate together as expected. Parallel and
perpendicular ion temperatures were measured
using a small (2 mm diam) gridded Faraday cup
positioned where the decay waves have maximum
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FIG. 4. (a) Decay-wave amplitudes and T; i vs time.
V,d (pump) is applied for 0-t &400 Ltsec. Decay-
wave signals at t (20 @sec are due to ringing from Vr od

pulse. (b) Pump and decay-wave amplitudes vs V~~d.
(c}T, vs V~od. Closed circles, with the parametric
instability present; open circles, for a pump frequency
without decay.
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amplitude. The collector current signal is sam-
pled with a resolution of 5 psec. In Fig. 4(a), one
sees a pronounced increase of 7.'; ~ as the decay
waves grow, without much change in T;~~. Al-
though this ion heating can be partly due to ion-
cyclotron damping of the IQM, the perpendicular
interaction of the LHW' with the ions is likely to
cause most of the 7'; ~ increase and the observed
tail formation.

With the onset of the instability, one observes
an enhanced absorption of the pump wave as
shown in Fig. 4(b) where we have plotted the am-
plitudes of the pump, the LHW, and the IQM as
functions of V &. The associated increase in T„
plotted in Fig. 4(c), appears to be due to electron
Landau damping of the IQM for which &=1. The
increase in T, is limited by the heat conduction
loss to the end plate. Furthermore, for pump
frequencies without parametric decay, the in-
creases of T'; and T, were small when compared
with the heating when parametric instabilities
were excited.

In summary, we have demonstrated that by
modulating the density of an electron beam at or
above coLH the heating efficiency of both electrons
and ions in a target plasma can be greatly in-
creased. This increase is associated with the
parametric excitation of lower-hybrid waves and
ion-cyclotron quasimodes. Similar effects may
be expected during heating of tokamaks with rf
near ~&H. Furthermore, similar heating tech-

niques can be applied by modulating a beam at
other plasma eigenmode frequencies.
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For density profiles, N(y), making a smooth transition fromN( ~)=0 to N(+~)=const
with d 1nN/dy decreasing monotonically with y, it is shown that the Rayleigh-Taylor in-
stability exhibits essentially different behavior above and below a certain critical wave
number, 0,. For k», the growth of the response to an initial perturbation is slower than
exponential, t exp(y&t). For k& &~ an unstable eigenmode (analogous to that in the
sharp boundary case) exists, and purely exponential growth occurs.

Recently, as a result of developments in pellet
fusion, ' imploding liner fusion, ' and ionospheric
physics, '~ the Rayleigh- Taylor instability has
been the subject of renewed interest. In this note
we present results for the Rayleigh-Taylor in-
stability with a diffuse density profile. For a.

fairly broad class of profiles we find that there
exists a critical wave number (transverse to the

density gradient) above which there are no eigen-
mode solutions, and the time-asymptotic response
to an initial excitation exhibits slower than ex-
ponential growth. For smalIer wave numbers
eigenmode solutions occur, and the time-asymp-
totic response to an initial perturbation grows
exponentially with time.

Taking gravity g = -gy, with equilibrium density
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