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We report intense stochastic ion heating comparable to the electron heating, propor-
tional to the energy density of the fluctuating electric fields of the ion-acoustic cornpo-
nent of the decay instability. The ion-temperature rise time is comparable to, but long-
er than, the instability growth time, arid many orders of magnitude shorter than colli-
sional re1axation times.

Recently, in connection with laser-ignited ther-
monuclear fusion and with (laser) heating of mag-
netically confined fusion plasmas, strong interest
has been created in the mechanism generating in-
tense and fast ion heating during laser irradia-
tion of a (pellet) plasma and giving rise to the
large observed neutron yield of close to 10' neu-
trons for a laser-pulse duration of a few nano-
seconds. ' Although early calculations considered
only the transfer of laser electromagnetic energy
to kinetic energy of the electrons, lately comput-
er experiments have been reported designed to
elucidate the more important mechanism of ion
heating in order to explain the neutron produc-
tion. Two-dimensional computer calculations
which neglect instability-generated effects pre-
dict far fewer neutrons than are observed, but,
when parametric ion-acoustic instabilities are
included, computer simulations indicate suffi-
cient ion heating to explain the observed neutron
yield and an ion temperature approaching the
electron temperature. ' Experimentally, electron
heating' and production of fast electrons due to
parametric ion-acoustic instabilities have been
demonstrated before, and the parametric excita-
tion of waves in laser —solid-target experiments
has been reported. '

We report results of ion-heating experiments
(i.e. , where the entire distribution function is af-
fected, not just its tail) using a plasma rather

different from a laser-fusion plasma; however,
the important characteristic, ion heating by the
ion-acoustic decay instability, is present. The
plasma (K or Cs) is of medium density (n=10"
cm '), at low temperature (T, =T; =1 eV), and
the instability is the parametric ion-acoustic de-
cay instability due to an electromagnetic pump,
which is the driving mechanism of interest in
laser-fusion plasmas. The experiments are per-
formed in both pulsed and steady-state operation
of the pump.

The significant results of this work are mea-
surements of intense ion heating comparable to
the electron heating, proportional to the energy
density of the instability, and the conclusive rela-
tion of this stochastic ion heating to the fluctuat-
ing electric fields of the ion-acoustic component
of the decay instability. Ion-temperature rise
times 7„are longer, but of the order of the in-
stability growth times (1/v~; & 1/y & w„«1/&u„)
and many orders of magnitude shorter than elec-
tron-ion collisional relaxation times, indicating
that ion heating by the ion-acoustic decay insta-
bility is the only mechanism which ean account
for the opservations. Ion heating rates agree
reasonably well with the computer simulations
of Ref, 2 and with a simple theory given here.

Onset of the parametric ion-acoustic decay in-
stability takes place in our plasma when the elec-
tron drift velocity due to an electromagnetic or
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electrostatic rf pump field at co~, reaches
- 0.05m, &. The pump wave generates two decay
waves, an electron plasma wave at - w~, and an
ion sound wave, v; = k,. v, The identification of
this instability has been described before, ' based
on measurements of co and k of pump and decay
waves, onset threshold, anomalous absorption,
and other parameters. The instability extracts
energy from the pump, which thus exhibits en-
hanced absorption, ' and this energy is trans-
ferred to the particles by wave-particle interac-
tions. The instability spectrum does not contain
any ion-cyclotron components, which would make
the results less surprising.

The experiments were performed on the Prince-
ton Q-1 thermally ionized potassium plasma, 126
cm long and 3 cm in diameter. Collisions with
neutrals are negligible. The instability could be
excited with a resonance cavity, with one or two
ring-shaped electrodes surrounding the plasma,
and with one or two grids immersed in the plas-
ma. The region of the rf-plasma interaction is
small relative to the plasma column length. The
pump electric field is aligned parallel to the con-
fining magnetic field. w„/w~, = 2 —6, v„=u&~;;
the collisionless skin depth (c/&u)(m~, '/m' —1) 'i'

xp& „so that penetration of the wave into the
plasma is assured. Electron temperatures were
determined with Langmuir probes and from float-
ing potentials. Perpendicular ion temperatures
were measured using ion temperature probes, '
which can be considered ion-collecting Langmuir
probes with a mechanical limiter which prohibits
electron flow to the collector and accepts only
large Larmor-radius particles, i.e. , ions. We
obtained straight lines on the I/V semilog probe
characteristic over more than two decades, in-
dicating both effective electron-current suppres-
sion and presence of a Maxwellian distribution
for the bulk of the heated ions. Ion velocities
are isotropic because of interaction with the spa-
tially randomized instability.

To calculate stochastic ion heating' by the
steady-state fluctuating electrostatic fields of
the ion sound spectrum of the parametric decay
instability, we use a one-dimensional quasilinear
approach, and assume a collisionless plasma
with E'/4nnT «1 (E' is the total ion-wave energy
density) to derive a diffusion equation for the ion
distribution function f;:

We choose a Gaussian spectral density to repre-

Here 4w is the width of the fluctuation spectrum
with total energy density E' at the sound frequen-
cy w;. The spectrum is assumed to have a well-
defined wave number k;. Solving for D, '

v v M'b, v (Aw)'

Note that only ions in the velocity range (&u,. —4&v)/

k,. (v((w,. +b,v)/k, diffuse in velocity space. For
T, =T;, parametrically driven ion-acoustic waves
are strongly Landau damped, and b, &u = +;, m;/k;
=v;&, thus the entire ion distribution function f,
is affected by the stochastic acceleration. How-
ever, if T,/T; »1, then h&u «&u, , w, /k, »v;,h,

since very little ion Landau damping occurs, and
only the tail of the ion distribution is heated. In-
clusion of acoustic wavelength spread would lead
to a broader effective spectral bandwidth, and
hence more effective ion heating.

Evaluation ot the second moment of f; for the
case of T, =T; gives the rate c4 increase of the
ion temperature,

BT,/Bt = e'E'/MA~.

Figure 1 shows ion and electron temperatures,
instability potential a.mplitudes (at - &u~, ), floating
potential, and plasma density, as a function of
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FIG. 1. Variation of T;, T~, instability amplitude
(at ~&~), density, and electromagnetic pump amplitude
with absorbed power; n =2 x 10 cm (K), B = 3 kG,
fplllTIp 400 MHz Total absorbed powers (including
circuit losses) are indicated. Arrows indicate abrupt
changes in absorbed power due to mode changes.

sent the steady-state ion sound spectrum:

G (k, (u) = exp, ' 6(k —k;). (2)
2 E —((d —(d; )
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absorbed power, measured in steady-state oper-
ation. As the absorbed power is increased, for
the stable plasma, the plasma parameters are
only slightly affected. Onset of instability and
increase of amplitude lead to an increase in elec-
tron and ion temperatures, with T, &T; . As a
result of the steady-state operation, changes in
instability mode and amplitude are reflected in
changed absorption and abrupt variation of all
plasma parameters. The ion temperature is ap-
proximately constant radially and is slightly re-
duced axially away from the heating region, as
expected from the large Larmor radius of the hot
ions and the relatively good confinement.

Since equilibrium ion temperatures in Q de-
vices are largely determined by the ion confining
sheaths at both ends of the plasma column (which
accelerate the ions into the plasma), we must de-
termine whether such a trivial effect may be at
work heating the ions. Plasma potential mea-
surements showed that sheath acceleration is re-
duced for the heated plasma, in both the axial
and the radial directions. In addition, the pulsed
heating experiments discussed below show tem-
perature rise times much shorter than the time
of ion diffusion over the plasma length, and indi-
cate that the ion temperature increase originates
in the rf interaction region, excluding sheath
acceleration by the end plates. Acceleration of
ions by hot electrons is excluded by the mea-
sured axial potential distribution. Note that for
our plasma most of the absorbed pump power is
flowing with the electrons into the endplates as a
result of the high electron thermal conductivity
in the parallel direction. This possibility of keep-
ing the electron temperature down may exist in
other plasmas of interest and may be important
in keeping the sound velocity close to the ion
thermal velocity and thus ensure efficient ion

heating.
Figure 1 also indicates a reduction in plasma

density due to the increased temperature in the
heated region. This reduction in density can lead
to lowering of the instability intensity by reduc-
ing m~, to far below co. Ion-temperature rise and
decay times measured in pulsed operation are
shown in Fig. 2. The rapid rise time of approx-
imately 10 ILIsec is slightly longer than the insta-
bility growth times, in agreement with our ex-
pectations based on stochastic heating by spatial-
ly randomized instability electric fields. The 5-
psec resolution of the ion-temperature measure-
ments is achieved by triggering the (fast) heater
pulse with a variable time delay relative to the
(slower) probe sweep. Variation of the delay
gives the I —V characteristic. Ion-temperature
decay times, when the whole plasma is heated,
are consistent with ion confinement times.

Figure 3 shows a comparison of measured in-
stability ion-acoustic fluctuation energy (square
of potential amplitude 4) and ion temperature
with Eq. (4) for a Cs plasma, demonstrating pro-
portionality, in the lower part, between ion tem-
perature and ion-acoustic wave energy. The the-
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FIG. 2. (a) Ion temperature rise after turn on of a
400-MHz rf heating pulse; n =2.5&10 cm 3 (K), B =2
kG. (b) Ion temperature decay after turn off of 300 MHz
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FIG. 3. Ion temperature versus squared rms poten-
tial amplitude of ion sound spectrum of parametric in-
stability, and comparison with stochastic heating the-
ory; n=2x 10 cm 3 (Cs), B=4 kG, Z; (cold) =0.6 eV.
The absence of data for small &T; is due to the hard,
abrupt mode onset.

201



VOLUME 3 1, +UMBER 4 PHYSlCAL REVIEW LETTERS 23 JULv 1973

oretical curve is calculated by assuming that the
time during which an ion is heated is given by L/
t/';, &, where I- is the axial length of the destabil-
ized region and V;,h the unheated thermal velocity.
The wavelength (necessary to calculate E'), L,
and T; are determined from measurements. Heat
losses are neglected. Similar measurements for
a K plasma result in slightly lower (2x) temper-
ature saturation, which may be due to increased
ion heat losses in this case or to small changes
in the instability parameters. When the pump
frequency is raised to 1.5—2 times the plasma
frequency, no ion sound fluctuations and no plas-
ma heating are observed, as expected from the
theory of the parametric decay instability: The
instability can no longer be excited.

Several important considerations of a general
natur e arise from this work. First, the stochas-
tic heating observed in the present experiments
is a very efficient mechanism; we are not aware
of comparable ion temperature increases in Q
devices in other experimental work (excluding
possibly ion-cyclotron heating). Second, the ion-
temperature rise time measured is short, since
it is limited by the instability growth time 1/y
=1/~~; and not the collisional electron-ion re-
laxation time, v„„„»1/y. Third, the role of
parametric ion-acoustic instabilities in ion heat-
ing by electromagnetic waves has been demon-
strated experimentally, in agreement with pre-
dictions, indicating the importance of this insta-
bility for present laser-ignition fusion experi-
ments and possibly for heating of magnetically
confined plasmas in general. Finally, we note
that the ion heating mechanism discussed may
play a role in other experimental situations where
large-amplitude electrostatic plasma waves are
present to produce parametric effects; and that
such large-amplitude plasma waves may be gen-
erated by other mechanisms besides external rf
fields, e.g. , by the interaction of intense electron
beams with plasmas.
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Dr. R. M. Kulsrud for discussions and comments
on the manuscript.

Note added. —After this paper was submitted
there appeared a Letter by McCall et aE. ,

' show-
ing that present neutron emission may be ade-

quately explained by electron heating and electro-
static ion acceleration. They conclude that the
absence of anomalous ion heating is not proved,
but may be unimportant in reported experiments.
We note that in Ref. 5, where parametric insta-
bilities were observed, the laser pulse duration
was about 30 nsec, in comparison to 25 psec in
McCall et aLt. , and that a certain time may be
necessary to establish plasma density and den-
sity gradients (steep gradients would require ex-
cessive pump fields), and that, in addition, in
such geometry other effects may further reduce
the instability growth rate.
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