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Stimulated Brillouin scattering of CO, laser radiation from a pre-ionized gas target is observed and studied
with the following parameter changes: (1) £/7.5 focusing versus f/2 focusing, (2} nitrogen plasma versus
hydrogen plasma, (3) pure nitrogen versus nitrogen with a hydrogen impurity, and (4) single line operation of
the laser versus multiline operation. The f-number dependence is found to be weak because the increased
intensity with the smaller f numbser is offset by the shorter interaction length for the Brillouin instability. The
instability growth in nitrogen is found to be more severe than in hydrogen because the nitrogen plasma has a
higher Z7, /T, resulting in a lower damping rate for the ion-acoustic wave. In all the above cases the Brillouin
reflectivity reaches saturation and the inferred saturation amplitudes of the ion-acoustic waves are consistent
with ion trapping being the saturation mechanism. Addition of a small amount (=~6%) of a light ion impurity
{hydrogen) to a heavy ion plasma (nitrogen) virtually extinguishes the Brillouin instability. Finally, multiline
operation of the CO, laser pump, with the line separation Aw and the instability growth rate ¥ such that
dw/y>1, is seen to reduce the Brillouin reflectivity as if each line were acting independently, as expected.

I. INTRODUCTION

Although much progress has been made in under-
standing the physics of stimulated Brillouin scatter-
ing1 in controlled laser-plasma experiments, there
still remains some uncertainty in what Brillouin re-
flectivity to expect from a given set of experimental
conditions. Reflectivities have been reported over a
very wide (~5% to =60%) range.!® The experimental
variables leading to these discrepancies in reflectivi-
ties include (1) intensity and wavelength regime, (2)
pulse length and shape, (3) target material, (4) initial
condition of target, and (5) focusing f number. We
have previously reported® an example of variable {4) in
which the promptness of the Brillouin scattered signal

depended on the initial ionization level of the target gas.

We have therefore carried out a detailed parametric
study of stimulated Brillouin scattering of CO, laser
radiation in the intensity range of 5X10'°-2,5x10% W
em? from pre-ionized gas targets. The f-number de-
pendence of Brillouin backscatter is found to be weak
because the increased intensity at the smaller 7 num-
ber is offset by the shorter focal length, i.e., shorter
interaction length, for the instability. We also find the
stimulated Brillouin scattering to be more severe in a
nitrogen plasma than in a hydrogen plasma because the
nitrogen plasma tends to have a higher Z7,/T; and,
therefore, reduced Landau damping of the ion acoustic
wave. The effect of adding a small amount of hydrogen
to the nitrogen plasma is also studied, and we find
that the Brillouin scattering is virtually extinguished
with an approximately 6% proton impurity. Also,
when the CO, laser is run on three discrete lines, Bril-
louin scattering levels are reduced as if the stronger
line is acting independent of the two weaker lines.

Il. EXPERIMENTAL APPARATUS

The CO; laser system supplies approximately 36 J on
target, about half of which is in a 50 nsec FWHM pulse
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giving a peak power of 350 MW. The 10 ¢m diam beam
is focused by either an f/7.5 or an f/2 germanium lens
to vacuum intensities of 5X10" W/cm® or 2.5%10% W/
cm? and measured half-intensity spot diameters of 300
or 130 um, respectively, Multiline operation is ac-
complished by inserting an SF, cell into the oscillator
cavity. Preferentially absorbing the 10.6 um radiation
allows the oscillator to run on the 10.3 and 9.6 um
lines.

The pre-ionization is accomplished by pulsing on an
arc discharge slightly before the arrival of the CO,
laser pulse. The beam is focused radially to the cen-
ter of the cylindrical, approximately 4-cm-diam, arc
discharge plasma (Fig. 1). The filling gas is either
15 Torr of hydrogen or 6 Torr of nitrogen.

Backscattered light is split off with a Mylar beam
splitter and sent to two liquid helium cooled photo-
conducting detectors. One detector is placed behind a
piezoelectric-driven Fabre-~Perot interferometer, and
the other is used to monitor the total frequency inte-
grated backscatter.
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? LENS
RUBY
INPUT INTERFEROMETRY
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FIG. 1. Schematic of target chamber and backscatter diag-
nostics. The input lens is either f/7.5 or /2, and the fill gas
is either hydrogen or nitrogen.
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FIG. 2. Brillouin power reflectivity versus input power in a hy-
drogen plasma for f/7.5 focusing (e) and f/2 focusing ().

The plasma is diagnosed by ruby interferometry
along the axis shown in Fig. 1.

111. RESULTS

A. Comparing f numbers

The power dependence of the Brillouin reflectivity is
shown in Fig. 2 for the f/7.5 and /2 focusing optics.
In this case, the target was 15 Torr of pre-ionized
We see that the Brillouin reflectivity
grows exponentially with increasing power and then
saturates at P,=~190 MW, Below saturation, the two
cases give comparable reflectivities for equal input
power even though the intensity in the f/2 case is ap-
proximately five times higher than in the /1.5 case.
The reflectivities begin to saturate at approximately
39 and 0.7% for the f/7.5 and /2 cases, respectively.
We also note that the reflectivities are not completely

hydrogen gas.
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B. Comparing gases

FIG. 3. Brillouin power reflectivity versus input power with
/7.5 focusing in hydrogen (e) and nitrogen (o).

saturated but continue to grow slowly with increasing

The growth curves for 6 Torr of nitrogen and for 15
Torr of hydrogen using the f/7.5 focusing lens are

C. Light ion impurity
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shown together in Fig. 3. As in hydrogen, the Bril-
louin reflectivity in nitrogen grows exponentially and
saturates at approximately 3%. However, the growth
is more rapid with increasing power than in hydrogen
and the saturation occurs sooner, i.e., at approximate-
ly 100 MW as compared with 190 MW in hydrogen.
Again, as in hydrogen, the reflectivity shows a slow
increase beyond the saturation point.

Although the saturation levels in pure nitrogen and in
pure hydrogen with the f/7.5 lens are comparable, when

FIG. 4. Effect of a light
ion impurity. (a) Bril-
louin power reflectivity
versus input power with
f/17.5 focusing in pure
nitrogen (#) and in nitro-
gen plus 8% hydrogen ().
(b) Brillouin power re-
flectivity at full input po-
wer versus concentration
of hydrogen added to pure
nitrogen. Reflectivities
are normalized to the re-
flectivity in pure nitro-
gen.
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TABLE I. Measured acoustic red shifts of the Brillouin back-
scatter, measured electron densities, and fill pressures with
the various f number and gas combinations.

Av n, P
Gas (f number) (GHz) (x10'7 em™) (Torr)
Hy(f/ 7.5) 11.8 3 15
Hy(f/2) 14.0 3 15
Ny(f/7.5) 9.5 1 6
N,/H,(f/7.5) 8.0 1 6/0.5

a small amount (8%) of hydrogen is added to nitrogen,
the level of the Brillouin reflectivity is dramatically
reduced. This is illustrated in Figs. 4(a) and (b). The
curves in Fig. 4(a) show the Brillouin reflectivity from
6 Torr of nitrogen and from 6 Torr of nitrogen plus

0.5 Torr of hydrogen. The saturated reflectivity is
reduced by a factor of approximately 10. Figure 4(b)
shows how the reflectivity at full input power varies
with the percent of hydrogen added to a fixed amount of
nitrogen. We see that the stimulated Brillouin scatter-
ing is virtually extinguished with a six percent proton
impurity.

D. Spectra

In addition to the exponential growth with increasing
input power, another signature of stimulated Brillouin
scattering is a spectrum red-shifted from the incident
CO; laser light frequency by Av=2c,/%,, where c, is
the ion acoustic speed and 2, is the incident wavelength.
We have assumed # matching for direct backscatter so
that the ion acoustic wavelength is 2/2. Indeed, red-
shifted backscatter was observed in all the cases pre-
sented here, and the shifts are summarized in Table 1.
In the case of nitrogen plus 8% hydrogen, there are
two modes of the ion acoustic wave,® however, the
spectrum showed no sign of having two peaks.

E. Multiline operation

Multiline operation of the laser can reduce the growth
of parametric instabilities such as stimulated Brillouin
scattering if the frequency difference between two
adjacent lines, Aw, is large compared with the insta-
bility growth rate ¥ (Ref. 7). In this case, each line
will act independently, thus effectively reducing the
pump strength driving the instability although the total
intensity is constant. By introducing an 8 cm long SF;
cell into the oscillator cavity, we were able to run our
laser system on one line, 9.55 yum at 200 MW, or on
three lines, 9.55, 10.274, and 10.26 um with powers
100, 50, and 50 MW, respectively. With three lines,
the stimulated Brillouin scattering (nitrogen plasma,
f/1.5 focusing) was reduced from the one line case by
approximately 4.7+ 2.4 times., This is consistent with
the nitrogen growth curve of Fig. 3 if the scatter in
the three-line case were due mainly to the 9.55 um
line, The 9.5 pum line is sufficiently far from the 10.3
um lines so that Aw/y > 1 is satisfied.
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F. Plasma diagnostics

The main diagnostic used was ruby interferometry
along the axis perpendicular to both the incident laser
axis and the axis of the arc discharge. Abel inversion
of the interferograms gives the plasma density in the
interaction region and also its length. Table I sum-
marizes the measured electron densities and fill pres-
sures used with the various f number and gas combina-
tions. The electron and ion temperatures are not mea-
sured directly but can be inferred from the experimen-
tal data, as will be discussed in the next section.

IV. DISCUSSION

In discussing the results, it is helpful to break up the
growth curve into two parts, the exponential growing
part and the saturation region. We shall discuss the f
number and Z dependence of the growth region first,
and the saturation levels second.

A. Dependence on f number

The convective theory of stimulated Brillouin scatter-
ing predicts that, for Z7T, > T,, the scattered power
P is given by P;=P,¢", where P, is the noise level
from which the scatter grows and N is the exponentia-
tion factor (number of e foldings) given by

_ Z%L 47, wﬁi
T ooy T mctwy wy,

N LL, (1)
where ¥, is the homogeneous growth rate of stimulated
Brillouin scattering, L is the interaction length, v, is
the damping rate of the ion acoustic wave, ry= é/mct
is the classical electron radius, w, is the frequency of
the incident laser light, w, is the ion acoustic frequen-
¢y, and I, is the incident light intensity.

The convective theory quoted here is based on a
steady state; i.e., that Brillouin scatter grows in
space but not in time. The theory is not valid for time
scales smaller than 10 or 20 growth times. Taking the
growth time as ¥;', where y5'=0(10"" sec)is the usual
homogeneous growth rate for stimulated Brillouin scat-
tering, one finds that the minimum time needed to es-
tablish a steady state is a few tenths of nanoseconds.
The Brillouin scattered signal typically appears in
spikes shorter than 5 nsec in width, with detection-
bandwidth limited risetimes, and so there is sufficient
time for a steady state to develop. We do not know why
the scattered signal turns off after approximately an
acoustic transit time of a few nanoseconds.

We see from Eq. (1) that for constant plasma param-
eters the scattered power will vary as I,L, where L is
determined by the shorter of (a) the length of the uni-
form plasma, or (b) the depth of focus of the beam.
For a Gaussian beam, the latter can be expressed as
L =2mw}/), where w, is the spot radius. Since I, is
Py/muf, so that I)L is independent of spot size, the
focusing f number, with all else constant, should have
little effect on the power scaling of stimulated Bril-
louin scattering as long as the plasma is longer than the
depth of focus.

From the measured intensity and the depth of focus,
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we find that I,L is approximately the same for each lens
and is approximately 5X10' W/cm with L(f/7.5)~1 cm
and L(f/2)~2 mm. From interferometry we find the
plasma to be approximately 3X10"" cm™ in density and
longer than the depth of focus in each case.

In Fig. 2 we indeed observe the same power scaling
between the f/7.5 and f/2 cases in hydrogen. However,
this is apparently fortuitous since there must be a dif-
ference in the plasma temperatures to account for the
different acoustic shifts observed. To compare these
results with theory, we rewrite Eq. (1) as

N=auPo= [1 06%10% ﬂ‘-‘-}f(é;’—i)]Po, (2)
9 £

where 7y; is the electron density in units of 107 cm™,
Z is the average ion charge, u is the ion mass in amu,
A is the spot area, vy is the ion acoustic frequency in
GHz, and P, is the incident power in watts. The coeffi-
cient of Py, &y, is the theoretical slope of the power
dependence curve (on a semi-log plot).

If we equate a, to the experimentally observed slope,
a,,, and use the experimentally determined values of L,
ni» A, and vy, we find the value of ¥;/w; needed to
make a,,=a,. Furthermore, if we assume that the
Brillouin-driven ion acoustic wave is a natural mode
of the plasma, then ¥;/w, is determined solely by the
value of Z7T,/7, through the dispersion relation®

2T/ZT,=2(w; - iv )/ RV, (3

where 7, and T, are the plasma temperatures, By =2k
is the wavenumber of the ion acoustic wave (for back-
scatter), V, is the ion thermal velocity, and Z’ is
the derivative of the plasma dispersion function. We
have assumed, legitimately, that £33, <1, where

Ap,e is the Debye length.

Equations (1) and (2) are valid for Z7,/T,=0(1) as
long as w,; and ¥, are taken to be consistent with Eq.

(3.

For the 7/7.5 focusing case, we find that «,,=8.9
+2.3x10° W1, This agrees with a,, if ZT,/T;=1.3
+£0.3. The real part of the ion frequency is closely
approximated by

Wy kl(ZRT, +3F T{)/Mi]m ’ (4)

and so we can find Z7, from the measured frequency
shift and the knowledge of ZT,/T,. This gives T, =12
+2eVand 7,=9+1eV (Z=1). Similarly, for the f/2
focusing case, we have @, =7.6+1.1x10° W™, which
gives ZT,/T,=1.6£0.2, T,=20+2 eV and 7,=13x1
ev.

To check how well the convective theory has predict-
ed our experimental results requires an independent
check of these temperatures. We have one relation
between 7, and T, through the acoustic shift [Eq. (4)].
Another relation comes from the definition of the equi-
libration time, 7., which is

ar; T,- T, .

dt T

If we assume that the electrons are quickly heated to
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T, and maintained at that temperature for a time Af,
and that the ion temperature increases from 7;=0 at
at=0, then’

T,/T;=~1+7,/5t, (5)
where 7, is given, by

N w137 (ev)
Tea ™ 3.14 m nsec. (6)

We take Af as the difference between the time at which
the laser has finished ionizing along the depth of focus
and the time of occurrence of Brillouin scattering, i.e.,
about 15 nsec. Combining Egs. (5) and (6) and elimi-
nating T,/T; with Eq. (4) yields an equation for 7.

For the /7.5 focusing case, this procedure gives T,
~13.5 and T;~9.1, in good agreement with the inferred
temperatures found earlier. For the f/2 case, we get
T, ~23 eV and T;~12 eV, again in good agreement.

We conclude that the experimental results do fit the
convective theory of stimulated Brillouin scattering and
that changing the focusing f number does not affect the
produce I,L in Eq. (1). However, the f/2 focusing re-
sulted in a higher T, and a larger 7,/T; so that the
product w,¥; also remained approximately constant.
Thus, there is no great difference in the observed
Brillouin power dependence.

In the preceding discussion (and those to follow) we
have assumed that the geometric factors L and A, and
the plasma parameters ny;, Z, vy, and 7;/w, do not
vary significantly with incident power. In these ex-
periments, L is generally determined by the depth of
focus of the focusing lens and so is independent of P,.
Also, as discussed in the concluding section, we do
not believe A is varying with Py in that there is no evi-
dence for filamentation. In the hydrogen-target experi-
ments, the pre-ionized gas becomes fully ionized along
the depth of focus very early into the CO; laser pulse.
The final density depends on how much time the plasma
has to expand radially before the occurrence of Bril-
louin scattering. This time interval is found to be in-
dependent of P, and so n; and Z in hydrogen are in-
dependent of P;. The two remaining hydrogen plasma
parameters and all four nitrogen plasma parameters
may depend on P, through the power dependence of the
electron temperature 7,. To get an idea of the strength
of this dependence we have measured the acoustic shifts
of the Brillouin backscatter with an incident power of
about 150 MW, about half of our full input power. The
measured acoustic shifts at half power agree with those
at full power to within the approximately 20% uncertain-
ty. From Eq. (4) we see that this implies that either
ZT, and T, are constant or Z7, and T, change in oppo-
site directions. Equations (5) and (6) imply, however,
that 7, increases or decreases with 7,, so it must be
that Z T, and T, are constant or are changing only weak-
ly with incident power. For nearly constant 7, and
ZT,/T,, we expectny, Z, and 7;/w, to be nearly con-
stant.
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B. Z dependence

It was seen in Fig. 3 that the growth of Brillouin scat-
tering with increasing power was much more rapid in
nitrogen than in hydrogen. This can be understood by
seeing how the exponentiation factor of Eq. (1) varies
with mass and Z. We find that, for Z7,/37T,> 1,

2 3/2
wyw;  Ioln, (exp(l +ZT,/3 Ti))
NeRL Z#7he SRS +ZT,/3T) ) °

In this limit, there is no dependence on ion mass, and
the Brillouin scattering increases rapidly with Z7,/7T,.
For ZT,/T,;=0(1), N still increases with ZT,/T,, al-

though not so rapidly.

From interferometry, we find that the density in ni-
trogen is about 1X10'" ¢m™ and is uniform over the 1
cm depth of focus of the f/7.5 lens. We use Eq. (2) and
follow the same procedure developed in the previous
section to find that an experimental slope of a,,=2.4
+0.7%X107 W™ implies a temperature ratio of Z7,/7,
=10.5+1.5. In evaluating a,,, we assumed Z=4.
From Eq. (4), for an acoustic shift of 9.5 GHz, we find
that Z7, ~290+ 8 eV. Since the fourth ionization poten-
tial of nitrogen is about 77 eV, we see that Z=4 is a
reasonable value to take. Thus, we find that T, ~73
+2 eV and T;~28+3 eV.

As a cross check, we can use the acoustic shift plus
equilibration time formulism to find that, for Z=4 and
At=25 nsec, 7T, is approximately 74 eV and T; is ap-
proximately 25 eV, This agrees quite well with the
values obtained from the slope. Finally, to compare
with hydrogen, we see that the number of ¢ foldings of
Brillouin scatter above noise when P, is 100 MW (where
the reflectivity in nitrogen begins to saturate) is N
=a,Py=2417 in nitrogen and N=8.9+2.3 in hydrogen.
Thus, the Brillouin growth in nitrogen is larger by a
factor of 3X10° than in hydrogen because of the increas-
ed ZT,/T; and, consequently, the reduced ion wave
damping in the nitrogen plasma.

Although there is much more Brillouin growth in ni-
trogen than in hydrogen, the reflectivities at 100 MW
differ by only a factor 10%. Apparently, the noise level
from which Brillouin grows in hydrogen is approximate-
ly 10* times the noise level in nitrogen. We have pre-
viously reported noise levels of 10°~10° times the ther-
mal Thomson scattering level in hydrogen.2 This was
attributed to scattering from ion acoustic turbulence
in an ionization front. The presence of this ionization
is characteristic of the laser heating and ionization of
our pre-ionized hydrogen gas target.

In the nitrogen target, however, we do not observe
an ionization front during the laser heating, possibly
because the low ionization potential of nitrogen does not
allow the existence of a suitable temperature jump
necessary for an ionization front. Without the ioniza-
tion front the Brillouin scatter from nitrogen may be
growing from the thermal Thomson scattering level.
The inferred noise level is roughly P,/Py=10"°-10"°,
This compares with the calculated thermal Thomson
scattering level of approximately 10! calculated for
the nitrogen plasma parameters of #,=1%x10'" cm™,
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TABLE II. Brillouin reflectivities at the onset of saturation
and at full power withthe various fnumber and gas combinations.

Py at knee R atknee Max, P, Max. R
Gas (f number) (MW) (%) (MwW) (%)
H,(f/7.5) 190 3.0 340 8.5
Hy(f/2) 190 0.7 350 1.6
Ny(f/7.5) 100 2.5 330 8.5

Z=4, T,="13 eV, and T;=28 eV. Thus, the Brillouin
scatter in nitrogen could be growing from the thermal
Thomson scattering level.

C. Saturation levels

The reflectivities at the onset of saturation, i.e., at
the “knee” of the growth curve, and the maximum re-
flectivities at maximum input power are summarized in
Table II. If we assume that the reflectivity is limited
solely by the maximum amplitude of the ion acoustic
wave, then we can estimate the saturated level of the
ion acoustic density fluctuations.

If the ion wave amplitude is uniform over the length
L, then the reflectivity is given by the usual Bragg scat-
tering formula as Z7,/3T,=0(1),

_(tmL 7y
k= (2 n, Ag "o) ’ @

where 72/n, is the density fluctuation level normalized
to the electron density, and =, is the critical density
for light of vacuum wavelength ;. However, for our
experimental conditions, the stimulated Brillouin scat-
tering instability is in the convective regime,!® which
means that the ion wave amplitude varies greatly over
the length L. In the strong damping case, Z7,/3T;
=0(1), the ion wave amplitude is related locally to the
incident and reflected wave fields by

71(x) /my = (ZB2r/4M v, w DA (%) Ay(x) , (8)

where M, is the ion mass, A/(x) is the local vector po-
tential of the scattered wave, and A,(x) is that of the
incident wave. We neglect pump depletion and rewrite
Eq. (8) as

- 2
rlx) _ 4mr &x_(lzgﬂ),oL_As(x)
1y mc wy wY; \mny L A,
N Afx)
=BL 4 ’ ®

where we have used Eq. (1) for N, set &, =2k, and
defined B as

BE(no/nc)(TT/ko) . (10)

Let us choose positive x in the incident k¢ direction
and define the interaction region as 0<sx<L. Since we
have a convective instability, we know that the scatter-
ed power P{x) grows from the noise level, P,=P (L),
at x=L to the final detected level, P ;=P (0)=P,c", at
x=0; i.e.,

P{x)=P,exp{N(1 -x/L)], O<x<L.
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FIG. 5. Ion acoustic wave amplitude n (x)/r, vs x for the
cases: (a) Hy, f/7.5; (b) Ny, f/7.5; (c) Hy, f/2, all at satur-
ation. (d) Schematic log plot of n/n showing a possible
cause of the increasing reflectivity beyond “saturation.”

x (mm)

In terms of amplitudes, we have
Afx)/Ay=(A,/A;) exp[3N(1 - x/L)]
=(P,/P )" (P,/P)*? exp 1N(1 - x/L)].
But, P,/P,=¢" and P,/Py=R so that Eq. (9) becomes
7(x)/no = (NR'*/BL) exp(-Nx/2L), Osx<L. (11)

The maximum value of #(x)/ny occurs at x=0and is a
factor of N/2 larger than predicted by Eq. (7).

The quantities N, R, B, and L are all determined ex-
perimentally. Plots of 7(x)/ny vs x are shown in Figs.
5(a), (b), and (c) for various f number and Z combina-
tions. The error bars at x =0 represent the uncertain-
ty in NR'?/BL, while the error bars at x =L reflect the
uncertainty in N through exp(N/2). These plots repre-
sent the spatial variation of 7{x)/n, at the knee of the
growth curves, at the onset of saturation. Therefore,
we shall take the amplitude at x =0 as the saturated
or maximum ion acoustic wave amplitude. The slow
rise in reflectivity beyond the knee in Figs. 2 and 3
could be due to a flattening of #(x)/xn, near x =0 as il-
lustrated in Fig. 5(d). In fact, the saturated value of
#2/ny need only extend a fraction of L/10 to account for
the increased reflectivity at full input.

We now consider some likely ion wave saturation
mechanisms. These are; (i) ion trapping,'**™® (ii) ion
heating,' and (iii) harmonic generation/wave break-
ing.”* Ton heating would increase the damping rate of
the ion acoustic wave and hence could limit its ampli-
tude; it occurs when the ions extract energy, via Lan-
dau damping, from the ion acoustic wave. The energy
of the ion acoustic wave is extracted from the pump
plus reflected wave and so the ion heating rate is a func-
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tion of the reflectivity. For our low reflectivities
(<10%) and short Brillouin time scales (<5 nsec),
there is not enough time for significant ion heati.ng.n

Harmonic generation and wave breaking in low amp-
litude, free-traveling ion acoustic waves both imply
steepened wave crests and eventual collapse of the
wave for amplitudes above some critical value. This
is supposed to happen when 7/ng ~ 3}, 0.5% in hydro-
gen and approximately 6% in nitrogen. This is much
lower than the inferred 7/ny of 6—13% in hydrogen and
approximately 25% in nitrogen. However, the ion
acoustic waves in stimulated Brillouin scattering are
not free-traveling but are pumped locally at a fixed w;
and k,; as they propagate, perhaps resulting in a lower
harmonic content and, therefore, less tendency to
break.

Ion trapping is a more likely saturation mechanism.
The time for a resonant ion to become trapped, 7,, is
related to the bounce frequency of the resonant ion and
is given by™

T, > VI n(M/ZeER )", (12)

where E is the electric field of the ion wave. For our
inferred maximum ion wave amplitudes, this gives
typically 7, =200-400 psec, which is much less than
the duration of the Brillouin backscatter signal. Ion
trapping is supposed to limit the ion wave amplitude to'?

L 1[(1 + 3&)"‘ - (_3_Tz_)1/2]2

ng 2 ZT, ZT, *
Figure 6 shows a plot of this saturation amplitude along
with the experimentally inferred points for the three
cases. The two low-intensity, /1.5 points do intercept
this curve, but the high intensity f/2 point is well above
it. In considering the f/2 case, we have neglected
some possible effects; namely, three-dimensional
effects due to the relatively large range of angles in-
volved in focusing the beam, and light pressure effects

(13)
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FIG. 6. Inferred ion acoustic wave saturated amplitudes vs
ZT,/T; for: Hy, f/7.5 (8); Hy, f/2 (A); and Ny, f/7.5 (o).
Solid line is the theoretical prediction of the saturated wave
amplitude.
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due to V3/V%,>1, where V, is the electron quiver
velocity in the incident laser field and V,, is the elec-
tron thermal velocity. To lowest order, we would not
expect the three-dimensional effects to be important
because, in the ideal case, the laser light wave is es-
sentially a plane wave along the depth of the focus re-
gardless of f, because the ratio of depth of focus to
spot diameter is independent of f number. Thus, ina
gas target experiment, three-dimensional effects are
not necessarily more important for smaller f numbers,
although the possibility remains open.15 Light pressure
effects such as self-focusing and filamentation, if pres-
ent, would certainly alter our interpretation of the data
but, as discussed in the concluding section of this paper,
are not believed to be present.

D. Light ion impurity

In comparing the growth curves [Fig. 4(a)] in pure
nitrogen (N;) and nitrogen plus 8% hydrogen (N, + H,),
three observations can be made: (1) the reflectivity
in N; + H, is saturated and is nearly 20 times below that
in Ny; (2) the slope of the N, + H, curve appears to be
much less than that of the N, curve; and (3) if obser-
vation (2) is correct, then the noise level from which
the Brillouin scattering grows is much higher in the
N, +H, case.

Drawing lines through the three lowest power points
of the N; + H, growth curve allows us to estimate the
slope at a,, ~2.9+1.8x10° W™, This compares with
e, ~2.410.7%107 W in pure nitrogen. From Eq. (2)
we see that o, o« n,(w,;7,)™, so that the most likely
cause of a 5 to 27 times decrease in a,, is a corres-
ponding increase in v;. If we write Eq. (3) for two ion
species and expand in large Z7,/T;, we find that v,
should increase about three times with an 89, proton
impurity, all else being constant; but all else is not
constant. The observed acoustic shift in N, + H; is about
8 GHz compared with about 9.5 GHz in pure nitrogen,
which means that the phase velocity of the ion wave is
reduced (through lower 7,), thus further increasing
the Landau damping rate.

The scattered power in the N, +H; case is very irre-
producible at input powers below about 60 MW, thus
making it impossible to verify whether or not the noise
level, P,/P,, is really 10~%to 107°, as implied from
the growth curve.

Finally, we note that the reduced saturated reflecti-
vity [Figs. 4(a) and (b)] is qualitatively consistent with
the idea of trapping in that adding the light ions, which
travel closer to the phase velocity, causes trapping to
begin at smaller amplitudes.

V. CONCLUSION

In this paper we have presented some experimental
observations on the focusing f number and target ma-
terial dependence of stimulated Brillouin scattering.
We find that reducing the f number of the focusing lens
has little effect on the power dependence of the stimu-
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lated Brillouin scattering because the increased inten-
sity is offset by the reduced depth of focus. However,
the inferred saturation level of the ion acoustic wave
seems to be higher with the lower f number. This may
be due to three-dimensional effects or to higher light
pressure (V3/V%, > 1) effects. The stimulated Brillouin
scattering growth in nitrogen is found to be much more
severe than in hydrogen because the nitrogen plasma
has a higher Z7T,/T,, resulting in lower damping of the
ion acoustic wave. The inferred saturated amplitudes
of the ion acoustic waves are consistent with ion trap-
ping as a saturation mechanism. We also find that a
small amount (=6%) of hydrogen impurity added to a
nitrogen plasma greatly reduces the level of stimulated
Brillouin scattering, as expected; and there is some
indication that the noise level is greatly enhanced with
the impurity. Finally, when the laser is operating on
three lines, we find that the stimulated Brillouin scat-
tering is reduced as if one line were acting independent-
ly of the other two, again as expected.

These conclusions assume the absence of any filamen-
tation in the CO, laser beam. While filamentation under
these experimental conditions is theoretically possible,
a sensitive photographic technique used to find filamen-
tation under different conditions'® revealed no evidence
for filamentation for these conditions.
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