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When the input irradiance I exceeds a threshold value, two mechanisms cause the stim-
ulated Raman scattering by a plasma to increase as exp(gp/ %x). One mechanism is a
nonlinear increase in the plasmon amplitude, and the other is a second-order process of
converting two laser photons into a Stokes photon and an anti-Stokes photon. In laser fu-
sion, the enhanced scattering by the residual fusion-chamber gas may greatly reduce the
laser irradiance at the target. This theoretical possibility should be investigated exper-

imentally,

Laser fusion has recently spurred interest in
nonlinear interactions of laser fields with pellet
plasmas.*™* It will be shown that enhanced stim-
ulated Raman plasmon scattering, a process di-
rectly analogous to enhanced stimulated Raman
scattering® with the optical phonon replaced by a
plasmon, in the ionized residual gas in the fusion
chamber may considerably reduce the laser ir-
radiance at the pellet in currently envisioned com-
mercial laser-fusion power plants. In scientific
demonstration experiments, the pressure can be
reduced sufficiently to avoid serious scattering
problems. The scattering decreases with increas-
ing laser frequency or plasma damping and with
decreasing electron density or gain length.

The rate of the Raman process, shown in Fig.
1(a), is given by the second-order perturbation-
theory result 277723060 ; w;) and the well-
known matrix elements of the creation and anni-
hilation operators a™ and a (see in particular the
second paper in Ref. 5):

ong/ 0t ~ (ns +1)(n, + Dny—nsn,(ny +1)
= (ng +n,+ ng, (1)

where n; and ng are the numbers of laser and
Stokes photons, and », is the number of plasmons.
The saturation (pump-depletion) term ngn, was
dropped. The usual steady-state spontaneous-
scattering result Is~ (7, + 1)Ix is obtained from
(1) by neglecting ngn;, adding the propagation
term cong/ox, setting dngs/d¢ =0 and n,=7,, where
the bar denotes thermal equilibrium, and inte-
grating over x. The Stokes irradiance is Ig
=fiwgcgng/V, where wg and cg are the Stokes fre-
quency and velocity, respectively, and V the in-
teraction volume.

The steady-state (unenhanced) stimulated-Ra-
man-scattering result ng = (7, + 1) exp(glx) - 1]
+ng,€xpelx, including amplification of noise and

zero-point energy as well as the usual Stokes
gain, is obtained from (1) by keeping the term
ngng, but still setting #, =7, formally. The en-
hanced result [same #g, but with gIx replaced by
glx/(I -1Ig), where Ir=v/gcg and v is the plasmon
(energy) relaxation frequency] is obtained® from
(1) by allowing n, to increase above 7,, as de-
termined by the equation of motion for »n,. The
unenhanced results (including »n, =ngI/Iy) are re-
gained in the limit I </, and the spontaneous-
scattering result is regained in the limit I «<Ip
and glx < 1.

The results above are for the high-optical-
dispersion case of negligible anti-Stokes genera-
tion. In the opposite limiting case of negligible
optical dispersion, as in the low-density plasma
of the fusion chamber, the corresponding expres-
sions for I's and the anti-Stokes irradiance I,g in
the high-irradiance limit I = I, are®

Is~Iag~3expgpl®s; gg=4cg?/v. )
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FIG. 1. (a) Stokes and (b) anti-Stokes Raman scatter-
ing process and (c) the second-order process convert-
ing two laser photons into a Stokes photon and an anti-
Stokes photon., Both time orderings of the vertices and
both directions of plasmon arrow must be included
in (c).
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This value of I is much greater than the previ-
ous, unenhanced value I ~ expgly = exp| (I/I)

X (V/c)x]. For I <Ig, this previous result is still
valid. Note that gzI% =4(I/Iz)*(v/c)x.

Enhanced stimulated Raman plasmon scattering
results can be obtained directly from the previ-
ous enhanced stimulated Raman scattering re-
sults® once the quantized Hamiltonian 3¢=Caag
Xa,"+H.c. is known since the Hamiltonians and
dispersion relations are formally the same for
the two cases. In fact, since the gain coefficient
g for stimulated Raman plasmon scattering is
known**° (g =me’q®w,/m?*w *wsv), the enhanced
stimulated Raman plasmon gain coefficient g5 can

+

be written down directly from (2) as gz =4r’e’q’w,?/

mic’wws®V®, where w, is the plasma frequency
and g the plasmon wave vector.

Since the standard plasma kinetic-theory or
hydrodynamic methods have not included the sec-
ond-order process [Fig. 1(c)] in which two laser
photons are converted into a Stokes photon and an
anti-Stokes photon with the virtual exchange of a
plasmon, a direct derivation” of the second-or-
der result, as well as of the first-order result,
is outlined. The interaction Hamiltonian for the
scattering of the electromagnetic radiation, hav-
ing vector potential KL, from the charge-density
fluctuations edp in the plasma is*° 3= [d% A,
X 8p/2mc?. With the usual® quantization of A
and the quantization of 6p from pages 35-36 of
Ref. 9, 3¢ becomes 3=C,(ws Y%azasTa,T +w V2
xayasa,T) +H. c., where C,=—ine’q(2n, 1%/
mw,wr)?, n, is the electron density, w, and w,
are the anti-Stokes and plasmon frequencies, and
H.c. denotes the Hermitian conjugate. The wave-
vector Kronecker 6 function eliminated one sum,
and all of the other terms in the remaining two
sums that contribute to the scattering are re-
tained. The scalar products €, +€g and €+ €, of
the polarization vector were set equal to unity
since the important scattering is at small angles.

The remaining analysis, which is straightfor-
ward and directly analogous to that for enhanced
stimulated Raman phonon scattering,’® gives

ong/ ot +cdng/dx

= (W/np)lng +m, + Dng —ngn, 1, (3)

/ot +cony/ ox
=(W/np)lngn, = (ng +n, + n,), (4)

for the first-order processes. Here ngz=vV/
c’ghw;, and Iy =Fw cng/V. For the second-order
process,® the term B= (v/ng®)[ny(ng, - 1)(ng +1)
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X(ny+1) =nmgmy +1)(ny +2)] is added to the right-
hand sides of both (3) and (4). This second-order
process is of particular significance since there
is no time delay caused by the buildup in the val-
ue of n, as there is in the first-order enhanced
process. In particular, the solution to (3) and

(4) with the right-hand sides both replaced by B
(that is, considering only the effect of the second-
order process) is, for zero initial and boundary
conditions and ny =n;,0( —x/c), where 0 is the
unit step function,

ns=ny=3lexp(zgpl) - 110(t - x/c), (5)

which shows an instantaneous buildup of the Stokes
irradiance to its steady-state value at the instant
the laser pulse and the previously generated
Stokes irradiance arrive at any given point x. By
contrast, the solution to the first-order equa-
tions (3) and (4) and the corresponding equation
for n, exhibit a complex time dependence, the
steady-state being approached only after the time’
t >»>ggI’x/2v. With both the first- and second-
order processes included and I >I satisfied, this
steady-state value is given by (5) with gz/2 re-
placed by g and the step function in time deleted.
Thus, the instantaneously attained value (5) is

the same as the steady-state value (2), but with
half the gain exponent. In either case, for large

I this striking I dependence causes the conver-
sion of the incident radiation to Stokes and anti-
Stokes radiation in a very short gain distance.

For I<Ip, ng is equal to the ordinary unenhanced
value ng ~exp(glx), and n,<ng.

Next, it is shown that the enhanced stimulated
Raman plasmon scattering is expected to consid-
erably reduce the laser irradiance at the pellet
in a currently envisioned commercial laser-fu-
sion plant. The fusion chamber contains a con-
siderable amount of mass from the pellet and the
chamber walls after a firing, and the pressure
can be reduced to only ~0.1 Torr between fir-
ings." This pressure corresponds to a density
of atoms N=10" ¢m"?® at 10° K, Values of other
relevant parameters are as follows™: 1.06 um
wavelength; 107° s pulse duration (¢,); 10* cm®
first-mirror area; ~3 J em™? per pulse of laser-
energy density on the first mirror; 10 m from
the pellet to the first mirror; and 500 pym pellet
diameter.

The ambient gas is ionized by multiphoton and
tunneling processes.'® Within a distance z < 22
cm of the geometrical focus, greater than 90% of
the atoms are ionized and the enhanced-gain re-
sult (5) applies since I >I is satisfied and the
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steady state is not attained.” For the exemplary
case of z =1 cm, the irradiance is I = 3x 10" W/
cm?®, the number of electrons ionized per atom®
is Z =4, and the electron temperature from in-
verse bremsstrahlung heating® is kT, =160 eV.
The corresponding plasma frequency is w,
=(4nNZe?/m)"?=3.5Tx 10" s™!, Debye wave vec-
tor is kp=6.7X10° cm™!, plasmon relaxation fre-
quency™ is v=3.57x 10° s™!, threshold field is I
=3.84x 10" W/cm?®, and gain exponent is zg ;1%
=1.46x 10%k (for g =kp/5). The gain coefficient
gx increases with increasing g until ¢ ~kp/5.
Further increase in ¢ causes g to decrease pre-
cipitously from increased Landau damping.*®
Thus, g =~ kp/5 effectively, and the Stokes and
anti-Stokes fields are peaked in a cone of angle
0,=q/ky =kp/5k;. Notice that the enhanced gain
exponent 3g5 1% =2(I/Ig)*(v/c)x is a factor of

~ 200 greater than the unenhanced value glx = (I/Iy)
X (v/c)x. With a total number of incident photons
n; =exp(53), there is total conversion into the
scattered Stokes beam when 1.46X 10°%¢ =53, or x
>3.6x107% ¢m, which is well satisfied in the pres-
ent case.”

It remains to be shown that the scattered radia-
tion misses the pellet. For kp=6.7x 10% cm™*
and k; =5.9x10* cm™?, the scattering angle is 6,
=kp/5k; =2.3X 1072, Thus the scattered radiation
misses the geometrical focus by a distance 6,z
=230 um, which is approximately equal to the pel-
let radius. This is, in fact, why z =1 cm was
chosen for the example. Scattering from the re-
gion 1 cm<z < 22 cm, including repeated scatter-
ing, will greatly increase the net displacement
of the beam.

In experiments at KMS Fusion,' increasing the
helium pressure in the chamber to ~20 Torr
caused the radiation to miss the pellet (even for
an irradiance, I~ 10" W/cm?® at z =1 cm, that is
considerably less than, and for an effective f
number, f/0.3, that is considerably greater than,
those of proposed commercial systems). Simple
estimates indicate that absorption and defocusing
by the electron plasma are not sufficiently strong
to explain this result, whereas the present en-
hanced scattering is sufficiently strong. Further
experiments to measure the Stokes and anti-
Stokes irradiances, while monitoring such pa-
rameters as temperature and plasma quality fac-
tor, should be performed. We are currently in-
vestigating methods of avoiding deleterious ef-
fects of Raman scattering.
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Note added.—The question of the validity of the
use of second-order perturbation theory (Fermi
Golden Rule) to calculate the occupation numbers
and the relation between the resulting gain and
the gain of the mode amplitudes has been raised
by D. Eimerl. His analysis and our response
will be the subject of forthcoming publications.
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