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We have performed computer simulation calcu-
lations with a broadband pump using the one-di-
mensional-particle simulation code we have used
in the past. " We find the same results as in the
measurements. Well above threshold, where sig-
nificant suprathermal electrons are produced,
the growth rate decreases with increasing band-
width, but the instability saturation level and
suprathermal-electron production are not a
strong function of bandwidth.

In summary, we have observed that the ensem-
ble-averaged high-frequency-wave energy grows
exponentially as if the waves were excited by a
coherent pump wave for small enough pump band-
width. The growth rate decreases with increas-
ing bandwidth as if only the fraction of the pump
power within the resonance width is available to
drive the waves, in agreement with theoretical
predictions. The saturation level and suprather-
mal-electron production well above threshold
are almost independent of bandwidth. The waves
still grow for large banchvidth, but not exponen-
tially. This nonexponential growth will be inves-
tigated further.
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A large-amplitude backscatter instability, consistent with Brillouin, occurs when a
prepulse plasma is formed ahead of a high-irradiance(10~5 —10 ~ W/cm ) Nd-laser pulse.
These results indicate that temporally structured laser pulses suggested for laser pel-
let implosion may also encounter large backscatter,

Precise laser-pulse temporal shaping and good
laser-light absorption are usually required for
successful implosion of la.ser-fusion pellets. ' In
the experiments reported here we simulate the ef-
fect of a shaped pulse by first forming a plasma
blowoff with a, prepulse and then irradiating this
preformed plasma with a short, high-irradiance
main pulse. The low-density plasma resulting
from the prepulse is likely to be similar to that

produced by the long leading portion of some cur-
rently planned, shaped pulses. Measurements
show greatly enhanced direct backscatter' (by up
to a, factor of 3) and significantly reduced absorp-
tion of the second (main) pulse (in some cases to
about 20%) in the presence of a prepulse-formed
plasma. This backscatter appears to originate in
the underdense region of the plasma (n c0.in, )
and exhibits many of the properties of the Bril-
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FIG. 1. (a) Diagram of the optical path of the laser
beams in the prepulse generator. (b) Diagram of the
scattered-light calorimeter layout. (c) Angular distri-
butions of all scattered light for a typical single-pulse
shot (dashed line) and a shot with a prepulse (solid line);
(I) x plane, (0) ~~

plane. Horizontal bars between 0 and
15' are the backward reflections averaged over the lens
solid angle. Backward reflection and total absorption
are (15'j„50/,} for the single pulse and (45~/o, 20&&) for
the double pulse, respectively.

louin backscatter instability. No saturation of
the backscatter instability appears in the energy
range of this experiment. These results suggest
that many of the shaped pulses proposed for laser
fusion may have very poor coupling to the target
plasma. The behavior of scattered light, x-rays,
high-energy ions and electrons, harmonic emis-
sion, and density profile were obtained as func-
tions of the prepulse level, the angle of irradia-
tion of a planar target, and the incident laser in-
tensity.

One beam of the Naval Research Laboratory
Pharos II Nd laser operating at 1.06 p. m, 75-psec
pulse duration (full width at half-maximum) was
focused with s,f/1. 9 aspheric lens onto the sur-
face of polished planar polystyrene (CH) targets
in an evacuated chamber. A controlled prepulse
was introduced into the beam with the beam split-
ting arrangement shown in Fig. 1(a). The relative
timing of the prepulse to the main pulse was set
at 2 nsec and the relative amplitudes were varied
with attenuators A~ and A . Any unintentional
prepulses were suppressed to below 10 ' of the
total pulse energy by two saturable absorber cells
and one Pockels cell in the laser chain. Three
prepulse monitors were used on each shot to mea. —

sure values of the ratio of the prepulse to the
main pulse ranging from 10 ' to 1. The half-en-
ergy-content focal diameter was determined to

be 30 LILm by the multiple-image thin-film abla-
tion method' yielding average and peak irradi-
ances (for 9 J incident) of 7.5 x10" and Ix10"
W/cm', respectively, at normal incidence. A fo-
cal-shift monitor was used to ensure on most
shots that the target was in focus. '

Diagnostics operating on these experiments in-
cluded incident and backward reflection calorime-
ters, and an array of t:ighteen minicalorimeters,
all calibrated to + 5% accuracy [see Fig. 1(b)]. On

each shot the calorimeter array measured the an-
gular distributions of scattered laser light both
within (II) and normal to (&) the plane containing
the electric vector and wave vector of the inci-
dent laser beam. Also, fifteen filtered detectors
for continuum x rays from 1 to 600 keV, a mag-
netic electron spectrometer (50-500 keV), an ion-
charge collector (10-150keV H'), and a, silicon
photodiode and spectrograph for monitoring laser
harmonic emission (n s5) were employed. Inter-
ferometry of the prepulse-formed plasma at the
arrival time of the second pulse was accomplished
with use of a Raman-shifted second-harmonic
probe beam (X = 6329 A, time duration =—35 psec)
to obtain underdense plasma scale lengths and to
ensure that single-pulse cases had no prepulse
plasma. The electron, ion, and x-ray detectors,
the harmonic emission, and the interferometer
were all viewing the plasma approximately mid-
way between the II and s planes of polarization of
the incident laser beam. All detectors were near
45' to the target normal except for the four most
energetic x-ray detectors and the interferometer
which viewed the plasma tangent to the target sur-
face at normal incidence.

An example of the effect of a prepulse upon the
scattered-light angular distribution, and there-
fore absorption efficiency, is shown in Fig. 1(c).
%hen a prepulse plasma is present, a dramatic
increase of backward reflection is seen compared
to that measured without initial plasma at the tar-
get surface. The absorption decreases from
about 50% without prepulse to 20% with the pre-
pulse. The change in the angular distribution at
angles outside the solid angle of the lens is not
dramatically affected except possibly nea, r 90
(which does not represent a large fraction of the
scattered energy).

The dependence of the backscattered energy of
the main pulse upon the prepulse/total-energy
ratio, q, is shown in Fig. 2(a) for incident ener-
gies in the range of 7 to 11 J. For g ~ 10 4, a
significant and monotonically increasing backscat-
ter (to over 40%%uo) is observed over that for a sin-
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FIG. 2. (a) Backward reflections of the main pulse
versus prepulse level showing enhanced backscatter for
g ~ 10 . Hashed region is the single-pulse backreflec-
tion. (b) X-ray intensities for 1—8-keV and 55-67-keV
x rays versus prepulse level illustrating the decrease
in intensity and spectral hardness of x rays with in-
creasing g. (Increase in intensity for q approaching
unity is due to x-ray emission induced by the prepulse
itself. )

gle-pulse irradiation. ' These data exhibited ex-
hibited excellent reproducibility when g was var-
ied at random from shot to shot over the course
of many days. Shots were taken with the prepulse
alone (second pulse blocked) to ensure that the
backward reflection for a prepulse was the same
as for a single pulse (they were) and to measure
the prepulse energy directly as a check on the
prepulse diode monitors. Included in Fig. 2(a) is
a shot for g =0.2 where the laser was focused
upon the prepulse plasma rather than on the tar-
get surface. Enhanced backscatter was observed
under this condition as well. '

All other plasma emissions (x rays, energetic
ions and electrons, and harmonic emission) de-
creased with increasing prepulse level for g
&10 '. Responses of two of the x-ray detectors
(normalized to incident energy) are plotted as a
function of prepulse level in Fig. 2(b). A decrease
in both x-ray intensity and hardness of the x-ray
spectrum with increasing prepulse level is indi-
cated. An obvious explanation for the decreased
plasma emission with increasing prepulse level
is the lowered irradiance and absorption in the
critical and one-fourth critical regions of the
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FIG. B. Backward reflections of the main laser pulse
versus (a) target angle 0 {or turning-point density), and
(b) the incident energy or irradiance [(0)0 = 0', (6) 6
= 45 ]. (c) Interferogram and Abel-inverted axial elec-
tron density profile of the prepulse plasma at the time
of arrival of the main pulse.

plasma.
The enchanced backscatter occurring when the

laser pulse irradiates a preformed plasma strong-
ly suggests the action of a backscatter instability
mechanism being operative. " Measurements
were made with the target rotated through various
angles 0 from normal incidence to test for the
following two properties of Brillouin backscatter:
First, a backscatter instability should cause the
light to return through the focusing lens, regard-
less of the target angle. Second, the incident la-
ser light penetrates the plasma up to the turning-
point density n„below the critical density n„
given in plane geometry by n, =n, cos'6I. Thus,
the target angle at which the enhanced backscat-
ter effect drops off is indicative of the plasma
density where the backscattering instability oc-
curs. The results of backscatter measurements
with and without a prepulse as a function of tar-
get angle are shown in Fig. 3(a). With no pre-
pulse the ba,ckward reflection quickly drops off
with angle as reported previously. ' However,
with an g = 0.2 prepulse plasma, the di~ect ba,ck-
scatter remains high even for target angles &75',
i.e. , within 15 of grazing incidence. Here the
stimulated backscatter is more than an order of
magnitude larger than that for a single pulse.
For 0 = 82 it was verified that the reflected rays
retrace the incident rays by first blocking half of
the focusing lens and then looking (unsuccessfully)
for backscatter in the blocked half with burnpa-
per. Therefore, the density of the backscattering
region is below 0.1n„assuming that the low-den-
sity plasma is approximately one dimensional. "
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All of these properties —enhanced backscatter
regardless of target angle, ray retracing, and
backscatter occurring in the underdense region—are consistent with stimulated Brillouin back-
scatter. The nature of these properties of the
large directed backscatter suggests that varia-
tions of target geometry (e.g. , spherical) are not
likely to alter this basic effect.

Figure 3(b) shows the incident energy depen-
dence of the backscatter with an q = 0.2 prepulse
Enhanced backscatter is still present even though
the beam energy is reduced by a factor of 10,
i.e., to about 5 &&10'» W/cm' for the second pulse,
and there is no indication of saturation of the in-
stability with increasing energy.

Interferograms of the prepulse-formed plasma
at the time of arrival of the main pulse, such as
that shown in Fig. 3(a), indicate the presence of
long scale lengths in density (-100 p, m) below
0.1n, which are ideal for good growth of the Bril=
louin instability. The threshold for the Brillouin
instability is well below all irradiances used
here for the second pulse.

Brillouin backscatter convectively saturates
with a net gain of exp(A. ), with A. = 2m y, '/(cc, dK/
dx), where y, is the homogeneous-growth rate,
c, is the ion acoustic velocity, and K(x) is the
wave-number mismatch of the pump and scat-
tered waves. ' Mismatch is usually ascribed to
plasma density and velocity gradients. There is,
however, another mismatch that is present even
for a uniform plasma: the spatial gradients of
the laser wave near the focus of a lens. This
correlation length is usually referred to as the
depth of focus. For example, a plane wave inci-
dent on a simple lens has on-axis distances be-
tween nulls of + 8F'A.„where F is the f number
of the lens. For a laser or lens with aberrations,
the correlation length (not the null distance) could
be even less. (Away from focus, the correlation
length will increase. ) There are thus two basic
scale lengths: the light-correlation length and
the plasma-density gradient. The role of the la-
ser prepulse may be to increase the underdense
plasma-density scale length, and to increase the
number of correlation lengths for the scatter,
while the light correlation length controls the
mismatch. This may explain the relatively weak
dependence of the scatter on prepulse energy.
We do not yet have sufficient data to determine
accurately the gain, exp(X).

These experiments, which use a prepulse to
simulate a temporally shaped pulse, strongly sug-
gest that significant Brillouin backscatter may

also occur in some currently planned shaped puls-
es. These shaped pulses generally deliver about
one-half the total laser energy over many nano-
seconds with a high-intensity (10"-10"W/cm')
peak delivering the remaining energy in less than
1 nsec. The low-density blowoff from such a
temporally shaped pulse is likely to have a long
scale length ideal for Brillouin backscatter of the
high-intensity peak such as found in our experi-
ment. Because the density of the backscatter re-
gion appears to be low (n s0.1n,), the ponderomo-
tive force due to the final high-intensity laser
peak is not likely to steepen this gradient. Indeed,
the presence of stimulated scatter in longer-dura-
tion single-pulse experiments is suggested by the
fact that backscatter from 250-psec is greater
than for 100-psec pulses for irradiances in the
mid-10" W/cm' range. ' Stimulated backscatter
has also been observed in lower-irradiance 900-
psec pulse experiments both with and without a
prepulse. It is obvious that experiments with the
actual pulse shapes intended for laser-fusion de-
signs are needed to determine how severe a prob-
lem Brillouin backscatter will actually be. The
larger surface area irradiations expected in these
designs could tend to increase the backscatter
over that observed here.

It is a pleasure to acknowledge the laser exper-
tise of J. M. McMahon which made these experi-
ments possible and to thank R. W. Whitlock for
aid during these experiments.
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Substantial electron heating by energetic —neutral-beam injection has been observed in
Oak Ridge tokamak (ORMAK) plasmas. Impurity radiation is enhanced by injection but

only to the degree expected for Ohmically heated discharges with the same total power
input to electrons, and the electron heat conduction loss is comparable with that in Ohm-

ically heated plasmas. The scaling of average electron temperature with total power in-
put to electrons is approximately the same with or without injection.

Injection of energetic neutral beams is the prin-
cipal method proposed for heating tokamak plas-
mas to fusion temperatures. While large increas-
es in ion temperature with injection have been ob-
served in ORMAK, ' TFR,' and other tokamaks, '
little, if any, electron heating has been reported.
For substantial electron temperature increases
with injection, the injection power delivered to
electrons (P;„;,) must significantly exceed the
sum of (1) a reduction of Ohmic-heating power
(due to the temperature increase and a possible
injection-induced current ), and (2) an increase
in electron power losses during injection (in par-
ticular, impurity radiation loss}. In previous
experiments'+ this requirement was not well sat-
isfied, and the expected temperature increases
have been within experimental uncertainties.

Here we report for the first time a substantial
rise in the electron temperature with injection. '
In comparison with our earlier work, ' the heat-
ing was enhanced by higher available co-injection
power (beam current parallel to discharge cur-
rent) and by operation at lower impurity levels
(lower effective ionic charge, Z, &&. In this I et-
ter, we document observations of electron heat-
ing by injection and then present results that
show an equivalence of Ohmic heating and injec-
tion powers in determining the scalings of elec-
tron temperature and power loss.

We first discuss in some detail the evolution of
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FIG. 1. Time histories of discharge parameters;
plasma current (I), loop voltage (g), line-average
electron density (n,), central electron density [n, (0)],
and timings of gas puffing and neutral-beam injection.
The parameters shown here are those averaged over
42 reproducible discharges with 340-k% injection
power.

a plasma in which the injection heating is maxi-
mized by operation with injection power greater
than the Ohmic-heating power. Figure 1 illus-
trates the behaviors of several parameters for
this discharge. The discharge is sustained for
130 msec at a flat-top current of 70 kA with a
toroidal field of 15 kG, giving a safety factor of
7 at the limiter radius of 23 cm. At 20 msec
after breakdown, additional hydrogen gas is ad-
mitted to maintain the line-average electron den-
sity, n„at = 1.7& 10" cm '. Injection to 340 kW
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