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Inverse bremsstrahlung stabilization of noise in the generation
of ultrashort intense pulses by backward Raman amplification
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Inverse bremsstrahlung absorption of the pump laser beam in a backward Raman amplifier over the
round-trip light transit time through the subcritical density plasma can more than double the electron
temperature of the plasma and produce time-varying axial temperature gradients. The resulting
increased Landau damping of the plasma wave and detuning of the resonance can act to stabilize the
pump against unwanted amplification of Langmuir noise without disrupting nonlinear amplification

of the femtosecond seed pulse. Because the heating rate increases with the charge state Z, only
low-Z plasmas(hydrogen, helium, or helium—hydrogen mixturesill maintain a low enough
temperature for efficient operation. @004 American Institute of Physics.
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I. INTRODUCTION pulse power increases #sand the pulse width decreases as
t~1. Due to the nonlinear narrowing of the pulse during this
The stimulated backward Raman amplificati&RA) of  stage of amplification, the pulse—pump interaction is robust
short seed pulses by long pulse laser beams in centimete |arge laser bandwidth, plasma inhomogeneity, and plasma
long, subcritical plasma has been predicted to produce nearlyave damping. The optimum density for operation of a back-
relativistically intense Keeq~ 107" W/en? for 1 um laser  ward Raman amplifier is bounded between a low density,
||ght), 40-100 fs pUlSGS. The Optimum scheme uses tranSielﬂﬂiNb, where strong linear Landau damp|ng and wave-
Raman amplification,in which the plasma wave damping preaking occur and a higher density where relativistic pon-
ratev is smaller than the Raman growth ratg, the plasma  geromotive Raman forward scafteror modulational
Wwave frequencywp=(w§e+3k§v§)l’z, and much smaller jnstapility® of the intense seed occur.
than the laser frequenay,. Here, w).=4me’n,/m, is the Previous work on backward Raman amplification in this
square of the plasma frequenay,is the electron densityle  regime did not take account of the heating of the plasma by
is the electron masg is the wave number of the plasma jhyerse bremsstrahlung absorption of the pump laser beam. If
wave, andv.=(T./me)"? is the electron thermal velocity he temperature is constant, BRA works well when the Lang-
whereT, is the electron temperature. df,e<wo, then only i wave damping is at a minimum. At loW,, the plasma
a small fraction of the pump power is taken up by the Lang+yave is collisionally damped at the rateei~ZneT;3’2,
muir wave. o wherev,; is the electron—ion collision frequency adds the
The Raman amphﬂ_catlon sch_eme works as fOIIOWS'charge state of the ions. At high,, strong Landau damping
ConS|der.a plasma of uniform density and tem_peratL_Jre and OJccurs oncekh ge=kve/wye>0.3. Collisional damping of
length L into which a long-pulse, moderate-intensity Iaserthe pump by inverse bremsstrahlung occurs at the rate
bZSrT(tsr]r?orF;umuﬂ :ﬂtehrtsv\?;z v(;hoe 223;;%;‘5 gzlfte;qgfg' =1(n./ny) vei, Wheren, is the critical density at which
gating b 9 wpe(Ne) = wg. Minimizing the plasma wave damping deter-

time delay ofL/c, wherec is the speed of light. If the Lang- mines a plasma temperature of order 100 eV when,

muir wave damping is much less than the Raman growthN0 01

rate, the seed initially grows at the convective growth rate at .
Y9 g At such plasma densities and temperatures, however, the

the locationL + (v g +vy)t/2~L —ct/2 wherev,y is the . :
' . . effect of inverse bremsstrahlung heating of the plasma on the
plasma wavéRaman light segdgroup velocity and: is the amplification process is considerable. For auth laser, a

vacuum velocity of light. As a result, during this linear am- ) . . :
lification stage, an effective broadening of the pulse occurd?4MP mtgnsny ofl =10 Wit rapidly heats the plasma
P 9 g P n the time scale for BRAr,,=2L/c~50 ps, whereL

However, once the pulse has grown sufficiently intense t 1 is the lenath of th lifvi | F |
deplete fully the pump within less than the pulse width, only. cm 1S the length ot Iné amp |f_y|_ng plasma. For exampie,
if electron heat transport is negligible, a simple calculation

the front of the pulse is amplified and an effective compres- )
sion of the pulse occurs. In this pump depletion stage, th§hOWS thatATE_N 70 eV after 451p§1|n. a.L.hydroggn plasma at
0.007n, for which v;=3.5x 10'* s~ ! initially. This heating
reduces the pump and seed absorption over time. More sig-
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locity decreases. This Landau damping increase proves to lever, the electrons are heated by the absorption of the pump
an important effect in reducing greatly the amplification of energy. The equations of this pF3d model are
plasma wave noise and in preventing spontaneous SRS from

: 2
depleting the pump prematuréiyAdditionally, the spatially (iﬂ) 0o—+ 1o Ao:__l M (1)
nonuniform and temporal nature of this heating introduces an gt "oz 4 wone
effective Raman detuning gradient due to the temperature P J i win*A
dependence of the Langmuir wave dispersion relation. (_+Ugr_+,,r)Ar:_Pe—P°, )
Analogous to detuning using a density gradient or pump Jt gz 4 ol

chirp this effective detuning gradient can act to stabilize P P —ik2n eA, eA*
unwanted amplification of Langmuir wave or bremsstrahlung (— tvg -ty i 5wp) Ny pe->2

noise with its resulting premature depletion of the pump o 9z

without disrupting useful nonlinear amplification of the +S,(z,1), ©)
pulse. This paper addresses quantitatively the effects of a
spatially and temporally varying plasma temperature on Ra-  °
man amplification due to inverse bremsstrahlung heating by 2
the pump, in particular, enhancement of the Landau damping
rate with heating and detuning of the Raman resonance b%e

thermal gra(_j|ents. . electron—ion collision frequency. In E¢4), U.<v, is the
These simple estimates assume the electron temperatUéFectron flow velocity, andje~ — N AoV Te>NeToU, is

increase is not limited by transport and that the heated dis[-he electron heat flow. If the pump laser spot size-i cm

tribution maintains a I\_/IaxweII—Boltzmar_m shape. The f'rStthen the lateral heat flow is unimportant; that is, because

assumption is appropriate because the intended scale of OR-1 (VAo ~L2/(vhe) ~3X 10 6 s, the time scale for
e'e e 1L e‘tel 1

g?t;ornt;uapn t?hese(;/ég:o%er}gr:(astggttt;?;svi:zznsﬁzimUCE loss of energy from the directly heated plasma is orders of
9 R 9 pegn, magnitude longer than twice the transit time of the laser

— 73 - .
mjgt bgTéngig\évr(ae\:jert;e::;uzlérrtigt laesxgre;'n;?fis‘zt;aigsggtrtmu%wse axially across the plasmaj50 ps. The axial heat flow
b 1§ also unimportant because, as will be shown subsequently,

lsaerlg-ecrotllr;;r;rtgevw]??r? gegrg?ethjwe'r\;z?ngﬁ 1£htgeh/?ellic\:/\t/§|ri1an the axial gradients induced by the inverse bremsstrahlung
P heating are alse-1 cm.

tsr?ape have al colgsmrt]- tlmel_ele~ TeiNSES’ muc%hwlegs. than For electron temperatures of the order of 100 eV, the
i ?I pump pflIJ Stf ura I?rtlﬁ é)_V\{[e.\éert,. ec? | _tl.)eg'n" jitter velocity vo=eE/m.wq of an electron in the pump laser
1afly, some Tattening ot the distribution at velocilieS-ve — g004ric field E is of the same order as or greater than the

T e e e e SUblNeT ) CHI o hermal vl Ty, For example
eg onential distributiori H?areg ispthe oscillatory veloc- =v=2.7X10° cmis for 1.054:m laser light at 1&° o
P ) 'vo y and T,=40 eV. Under these conditions, the collision fre-

ity of the electron in the pump electric field. The flattening quency is reducéd with the dominant “strong field” effect

will reduce the already weak collisional damping. . o 5. 218 .
. . : . +v§.
This paper is organized as follows: Sec. Il introduces theObtalned by setting,—v, v, The frequencies and wave

. o numbers of the three waves andkg,, ,, are chosen to
model used to describe the Raman amplification process a g or.p or.p

. : . ve exact resonance given the plasma density and tempera-
simultaneous plasma heating. Section Il addresses the effec? : 9 P ) y PE
tUre in a homogeneous plasma. That is the phase matching

of increased Landau damping on the growth of backscatter ..
. . . . : conditions
from noise concomitant with plasma heating. Section IV ex-
tends these thermal effects by considering the effect of tem-  w,=wo— o,
perature variations in detuning the Raman resonance. Section
V presents the results of simulations with pF3d. Section VI Kp=ko =k,
considers the possible effects of nonlinearities in Landaware satisfied. For densities and temperatures varying slowly
damping on amplification, and Sec. VIl summarizes and conin space and time, exact resonance is chosen in this study at
cludes. the mean density and initially uniform temperature. The
phase mismatch that develops in space and time is accounted
for by the frequency detuning terndw,, in Eq. (3). The
1. MODEL Landau dampingwith the kinetically correct dispersignthe
collisional damping, the inverse bremsstrahlung absorption,
The Raman interaction is simulated using the pF3d odeand the heating rate are recalculated after every hydrody-
designed for laser plasma interactions in subcritical plasmanamic time step. The sour&(z,t) of plasma waves in Eq.
Since this work is concerned with effects that are essentially4) has a magnitude chosen such that uncoupled plasma
one-dimensional, the pF3d reduced system consists of threeaves will be driven to the thermal fluctuation level. It is
enveloped equations for the pumdyg, the Raman scattered uncorrelated along. The correlation time for the source is
light A, , and the plasma wawe, . Although hydrodynamic less than the plasma wave damping time.
motion is allowed and calculated, no significant density or ~ The linearized solution of Eq$2)—(3) in spatially ho-
flow velocity develops over the 50 ps interaction time. How-mogeneous plasma has exponentially growing solutions

4w, mMC Mg

J me
—+UeV 7

g TetTeVUe=

Veivg_n;lVQe- (4)

Herev,, v,, andy, are the respective damping rates of
pump, Raman light, and Langmuir wavg; is again the

Downloaded 16 Apr 2004 to 198.35.11.132. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



Phys. Plasmas, Vol. 11, No. 5, May 2004 Inverse bremsstrahlung stabilization of noise . . . 1933

above thresholds set by the damping ratesndy, . If these T ] Z
damping rates are negligible, the growth rate/is y, where - /0
10+13 L 7 -

Vo
YOZ%Vwowp?, (5) L /’ i

and the approximations are made that=w,e, Kp=2Kg 10+12 - 1
=2wq/c, andw,~ wy. Otherwise, the convective instability B 4 7]
threshold obtained from Eq&2) and(3) is yi'= /v, v. If the 3 4 i
plasma wave is collisionally damped ang> v,~n./ngv, - ¢ .
>ygh, this instability grows at the rate, from an initial 10+ | -
source at the locatios,ii+ (vgr+ v g1) (t—tini) /2~ Zinir— c(t L g
—tin)/2, where the latter applies becausg<n. and vy P
<|vg|~c. In a plasma near thermal equilibrium, the fluc- 0.02 0.05 0.1 0.2
tuation amplitudes of the light and plasma waves figkis
called noisg¢ are so small that about tenfoldings of ampli- Te (keV)
tude are required to deplete the pump enéfggecause the , ) ,

FIG. 1. Langmuir wave damping rate plotted as a function of electron tem-

plasma IS Optlca"y thin, the _br_emsstrahlung sourceAfprs erature. The total damping rate is given by the dashed curve and the col-
smaller than the source arising from Thomson scatter Offisional contribution by the solid curve. The plasma electron denaity,

Langmuir fluctuation® and is not included in our simula- =0.00%, and the charge sta@=1.
tions. The initial amplitude of the sub-picosecond seed pulse
is much larger and needs only a couple of e-foldings to de-

I h mp. For effective Raman amplification, the am- . .
plete the pump. For effective Raman amplification, the a Note that, at the time the seed is launched, the plasma

plification of noise must then be controlled using density ~

gradients or chirping of the pump frequency while retainingnheaf_ L (Where thedseed'enteﬂ?as nott 'tt)eenl h'eated. TgutSH

enough gain for the seed to deplete the pump and compre € -angmulir wave gamping rate 1s at s minimum and the
seed initially convectively amplifies at the fastest rate pos-

sec!

nonlinearly. sible, vy, and will reach the pump depletion level before the
temperature increase slows that rate if the seed amplitude is

Ill. EFFECT OF ENHANCED LANDAU DAMPING WITH large enough. This requirement on the seed amplitude is that

HEATING it be able to reach the pump depletion level before the Lan-

Consider again a uniform plasma slab of lengtivhere U damping rate exceeds the pulse bandwidih,
a seed, launched &t L/c, reaches the pump depletion stage = 27/ 7seee The amplification of Langmuir noise in the vi-
within a short time. Then the seed will propagate at velocity¢Nity 0f z=0, however, will experience the strongest tem-
—c while the peak of the noise amplified from a source atpere}ture effects and hence 'be most st'rongly suppressed by
2.+ propagates at velocity ¢/2. The seed pulse will over- the increased Land_ag damping rate. Thl_s_ effect could poten-
take the peak amplitude of any small amplitude noise pulsd@lly be very beneficial for Raman amplifiers.
that originates at a distance larger thdn/2from the bound-
ary atz=0. Thus, the maximum amplitude gain for noise in
the plasma of length. is expGg) with Go=4vy,L/3c. For  |v. RAMAN DETUNING DUE TO TEMPERATURE
parameters of interesyy~2.3x 102 s andL~0.7 cm, so  VARIATION

that G,~ 72 and strong depletion of the pump by amplified N )
noise will occur. In addition to the enhancement of the Landau damping

For plasma densities of interest&0.01n.), Landau rate yvith heating, the axial temperature gradiept and accom-
damping of the plasma wave increases rapidly as the electrdffying detuning of the Raman resonance introduced by
temperature increases above 50 eV as shown in Fig. 1. HerBlasma heating is an important effect. The linear theory of
the Langmuir wave damping rate, including both collisional SRS in @ temperature and density gradient, applicable to the
(with Z=1) and Landau damping, is shown as a function of0iS€ ampl2|f|cat|on at least dur!ng the garly stage;, is well
the electron temperature. Also shown is the collisional dampde"e!OpeOl- For strong enough time-stationary gradients, the
ing which decreases a& ¥2. OnceT,~80 eV, the linear amPplitude gain is exi@y) where
Landau damping becomes comparable to the SRS convective G = 7y k' Vg gil- (6)
growth ratey, for | = 10" W/cn? andn,=0.007,. At the
higher temperatures wherg,<uv,, the convective growth Here,
rate is reduced fromy, to 7(2)/14 , and the peak amplitude of d
backscattered wave propagates at neagy~—c with a k'=(komki—kp)| (7)
gain of expGs) for Ggg= ¥aL/w|vg|~54ye/y for L x=0
=0.7 cm. Thus, in the absence of chirping or density gradiis the rate of detuning from Raman resonance at the point of
ents, only a plasma wave dampimgan order of magnitude exact resonancex(k,—k;—k,=0). The plasma wave is
larger thany, will reduce amplification of the noise to ac- most sensitive to the gradients in temperature and density.
ceptable values. From the fluid dispersion relation for Langmuir waves,
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ko[ d 0.15
kK'=——|—=InTe+

dI 8
2 dZ nne- ()

1
3k e dZ
From this equation, one notes that, for long wavelengths, a
density gradient is more effective than a temperature gradient
in suppressing Raman amplification. The neglect of the
damping of the plasma wave requires tlag<Ggy from
which one obtains the condition, /), -
<3/AKENGeL(dInTe/d2). 0.05

In the case of Raman amplification in which the plasma B ]
temperature is time dependent as well as spatially dependent,
the more general theory applicable to parametric growth in B J
media slowly varying in space and time must be [0 J0] 0] N rEEE EFEFEFEF B S R
considered? In place of Eq(6), the gain exponent becomes 0 20 40

G,=m4/|Bl, 9) time (ps)
where

0.10

Te (keV)

FIG. 2. The electron temperature as a function of time. The solid and

s > _ . . )
B=((9t +(Ug|+Ugr)5tf92+Ugrvglaz)¢a (10) das_hed dotted curves are the solutlon given in (E;Ifor hydrogeniand
helium respectively with T¢(0)=0.05¢eV, n,=0.00h,, I=1

and ¢= ¢0— ¢r— ¢| is the phase mismatch between theX1014 W/sz, .and Igser waveleng'tmozlo53_ nm. The dashed curve is
three waves such that the usual relations hold, namely, th8® PF3d solution with the strong field reduction.

wave numbek;=d,¢; and the frequency;= —d;¢; for j

=0r,l. In the present case, the electron density is constarfoint, the space—time dependence of the temperdnee

in space and time, the temperature varies temporally anllecting conduction is simply given by To(z,t)=Te(t
spatially because of inverse bremsstrahlung heating, and thez/vgo)_ Due to the temperature dependence of the Lang-
pump frequency is chirped. The phase of the pump is takepyir wave dispersion relation, the axial temperature gradient
to be wot +0(¥et)?/4 and the linear gain becomes €@} introduced by the spatio-temporal dependenca oan act

where as an effective detuning of the Raman resonance. From Eq.
2 (12), the temperature gradient is
Gzl: ) y s P) . (11) dl T _1 Te(O) 5/2 Tosc -3/2 Tosc o
470" 3KphaewprInTe dt" eT3\ T T T(0) e

The inclusion of the time variation as well as the spatialFor the same parameters as abaV T/dz~1 cm *. This
variation reduces the gain exponéﬁtqzo) by an impor- estimate agrees well with the results of a std simulation in
tant factor of 2. IfTe=T,=0, Eq.(11), reduces to the result & hydrogen plasma shown in Fig. 3. Assuming the density
obtained previously for pure frequency detunfngamely gradient is zero, as it is in our simulations, we use @) to
G,=/q. Also, this equation shows that one might choose

the sign of a pump frequency chirp and/or a density gradient 0.12

to enhance or reduce the effect of the temperature gradient. ' ' ' ' ' '
An estimate of the temperature gradients appearing in
these equations can be found from E4). Including this 0.10
strong field correction but neglecting the heat flow and for a —
given uniform plasma density and charge state, the solution >
T 5/2 @ [
Te(t) == Tosct Te(to) ( 1+ = ("t“)) = [
co 0.06
Tosc o 2/5 -
6 Tulty) vei(t—to) | . (12 [
. o . 0.04.|.|.|.|.|.|.
The laser intensity is assumed constant, a good assumption 0.0 0.2 0.4 0.6
given the weak inverse bremsstrahlung absorption. Héire
=4\27Imee*Zn. In(A)/3T4(to)*? is the “weak-field” Z (cm)

electron—ion collision frequency at the initial tinhg. To(to)

is the initial, uniform electron temperature, anb,g FIG. 3. The electron temperatuf&eV) is shown along the propagation
; : . . direction at 23 hen th dis| hed and at 46 hen th lified
=mev§. In Fig. 2, this solution is plotted forT(to) irection at 23 ps when the seed is launched and at 46 ps when the amplifie

. A seed nears the boundary of the plasma=a0. The simulation parameters
=50 eV, n,=0.00"h., andZ=1. Because heating begins at are T,(0)=0.05 eV, n,=0.00%,, I=1x10" Wicn?, and pump laser

a given locatiore only after the pump has propagated to thatwavelength) y=1053 nm.
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T T T 5] FIG. 4. The intensity of\, (solid) and
10+14 c) 23 ps 10+16 the reflected lightA, (dashed with g
L =0.08 for an unheated hydrogen
& e 15 plasma(a) at 23 ps andb) at 35 ps.
g C g 10 The intensity ofA, (solid) and the re-
s 10+13 - - s flected light, A, (dashedl with g
= - 1 o= - =0.08 for a heated hydrogen plasma
%’ ) %’ 10 with g=0.08(c) at 23 ps andd) at 35
S 2l 1 S ps. The intensity of the pun#y, (solid
€ 107 - ! “ o - € 13 black and the backscattered ligi,
- TRV ‘\ 1 = 10 (dashed red for a heated helium
|'| / \ : plasma with no pump chirge) at 23
5 \
1011 e 10+12 ps and(f)ft 35 ps. Otller parameters
are T,(0)=0.05 eV, n,=0.00"h,, |
——T T T =1x10“Wicn?,  \o=1053 nm,
1014 (e) 23ps 10+16 | oo™ 2.5%X 108 W/cn?, and the ini-
| o B T tial seed pulse widthr=40 fs.
& 5 & +15 -_ _-
S 10+13 L i S 10 B
=3 [ =3
:E’ 1 _E, 10+14
2 - 1 2
2 qo+i2|- 4 Qo
£ £ +13
- 1 107 e
! \
C 1 - 1 -
10+11 M P BRI BT RN S R 10+12 M BT RN B T N |\. |
0.0 0.2 04 0.6 0.0 0.2 04 0.6
Z (cm) Z (cm)

obtain, G,~10 for T,~90 eV for whichk,\4e~0.3. For tially deplete the pump as well as introduce enhanced Lang-
these parameters, the damping is weak endbyla factor of muir wave noise and a non-Maxwellian tail of hot electrons.

5) for the gradient gain exponefq. (11)] to be the smallest Such effects reduce the seed gain and seed pulse compres-
exponent. Thus, in this example, gradient stabilization is théion. One solution is to introduce a chirp in the pump fre-
dominant limiting factor. Because the damping rate increaseguency. If the chirp is small, the noise will prematurely de-
rapidly with ko ¢, Landau damping will determine the gain Plete the pump as shown in Figdaftand 4b). In Fig. 4a),

as the plasma heats further. To achieve stronger damping affde Pump has been severely depleted by the spontaneous
weaker gain in the front half of the plasma where it is mostbackscatter at the time the pump has just traversed the
effective in reducing unwanted noise amplification a gradienPlasma and the seed is launched into the plasma. In fy. 4

in charge state might be desirable, which could be achievethe pump and seed are shown at the time when the seed has
by using mixtures of helium and hydrogen. Although thetraversed half the plasma. The seed intensity is about one-
temperature gradient reduces the gain to nearly an acceptagnth the value it attains when no spontaneous backscatter is
value, it is still not sufficient to suppress noise amplificationintroduced.

entirely in ionized hydrogen plasma. In the simulations be-  Hydrogen plasma is not heated sufficiently to allow the
low, some frequency chirp is still required to suppress theseed to achieve the gain predicted when no spontaneous SRS
noise amplification, although much less than needed withouif included in the simulations. However, as shown in Figs.

the heating induced gradient. 4(c) and 4d), the temperature increase and gradients provide
enough stabilization that only a modest amount of chirp is
V. SIMULATION RESULTS required to achieve a gain of 1520, nearly the ideal gain of

Without the gradients induced by the heating, spontanei800. The pump and SRS light intensity spatial profiles
ous SRS will grow from noise to nonlinear levels and par-shown in Figs. 4) and 4d) show a spontaneous reflectivity
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2000 T T T T T T T T Langmuir wave noise, the seed gain decreases an order of
[ % magnitude but increases in response to increasing pump fre-
quency chirp(M) as was shown previouslyChirp values
corresponding taj~0.2 are required to achieve good seed
gains of ~1600. With inverse bremsstrahlung heating, the
combined effect of increased Langmuir wave damping and
the temperature gradient detuning are nearly sufficient to
suppress the spontaneous SRS and only a small amount of
pump chirp restores nearly full gain as shown by @e
curve. The magnitude of the chirp needed depends logarith-
mically on the magnitude of the Langmuir noise. Increasing
the amplitude of the Langmuir wave noise 100-fold requires
Lo b el that the chirpg be increased to 0.3 to achieve similar seed
0.0 0.1 02 03 gain if no heating occurs.
The suppression of spontaneous SRS by heating is not
q robust to the introduction of random, stationary density per-

FIG. 5. The gain is shown as a function of the chirp strength characterize(gl'lrbatlons.a'rld .more pump chirp is reqUIred. to restore ad
by g for no heating and no density perturbatio{i®), for heating and no equate ga}ln as 's_Shown by tHe curve. For this curve, the
density perturbationé®), for heating and density fluctuations at a 3% rms ms density amplitude was 3% of the background and the
level (#). Also shown are points with no chirp and no Langmuir wave noise correlation length was-0.03 cm. However, in all cases less

(X) and for chirp, density perturbations, and no heatiNg. The effect of chirp is required when the heating is accounted for.
Landau damping without frequency mismaiak) and frequency mismatch E . 11) d f L .
without Landau damping+) are also shown. Without heating and density quation (11) does not account for angmuir wave

perturbations, stronger chirg{-0.2—0.25) is required to achieve the nearly damping under the assumption that increased damping will
optimum gain. The simulation parameters afig(0)=0.05 eV, ng broaden the resonance as it lowers the growth rate such that
=0.00%,, 1=1x 10" W/, No=1053 M, | seeq=2.5x 10° W/cn?. the overall gain will remain the same as without damping.
Such a result applies in stationary plasmas when the wave
number mismatch varies linearly near resonance. In the case
of 1% at 23 ps when the seed is launched and 10% at 35 gwesented here, this assumption is not borne out by the pF3d
when the seed has amplified and compressed after transitirggmulations. If the plasma wave damping is set to zero in the
half the plasma length. For a helium plasma for which thepF3d simulations while retaining the temperature gradient
inverse bremsstrahlung absorption rate is twice that of hyeffects(+ marks in Fig. 3, the seed gain drops from 1000
drogen at the same temperature, heating alone without purithout pump chirp to 400 because of large spontaneous
chirp is adequate to suppress the noise amplification in th8RS growing from noise. On the other hand, if the detuning
simulations as is illustrated in Figs(e} and 4f). In Fig.  from heating is set to zero but the Landau damping is re-
4(e), the laser intensity is unaffected by the very weaktained in the pF3d simulationsh marks in Fig. 3, even
growth of spontaneous backscatter at the time that the seediigore spontaneous SRS grows and the seed gain drops to
just encountering the pump 2& L. In Fig. 4f), the seed has 120, thus verifying our earlier theoretical estimates that gra-
amplified 400-fold and depleted the pump. dient detuning is more important than Landau damping re-

As discussed earlier in the context of temperature gradiduction of the growth rate for fully ionized hydrogen plas-
ents, it is well know that a linear gradient in the wave mas. The introduction of pump frequency chirp again
number matching, that ik,—k,—k,=«'z, leads to a con- restores adequate gain for each of these idealized ¢ases
vective saturation of SRS amplitude at the valueshown in Fig. 3 with less chirp required for the case with
exp(m/S/|K’vg,vg||) even when the instability is above the ab- gradient detuning and without damping than the case with
solute instability damping threshold defined by damping and without gradient detuning. Simulations with
Yol V([vgrvgll) =1/2(w v g |+ v, /|vg,]). However, random  fully ionized helium plasmas, where the heating is more pro-
or periodic density inhomogeneity can restore the absoluteounced, required no pump chirp to achieve a nearly opti-
instability** which again prematurely depletes the pumpmum seed gain of 1500.
from amplified noise. Another benefit of heating is to in-
crease the absolu_te |_nstab|I|ty da_mplng threshold. Then th\e/L EFFECT OF NONLINEARITIES IN LANDAU
presence of density inhomogeneity cannot restore abso'“BAMPING
growth.

A summary of these results is shown in Fig. 5. For the  Finally, we consider the possible influence of nonlinear
parameters of these simulationpl, =1x 10" W/cn?, effects on the Landau damping of the Langmuir wave. In the
T<(0)=0.05 keV, Z=1, n./n,;=0.007, L=0.7 cm], the pump depletion limit, the Langmuir wave is driven by the
best possible seed intensity gain of 1800, corresponding to pump and seed ponderomotive force to an amplituae,
seed intensity of & 10'® W/cn?, is found by turning off the ~a, such that the plasma wave will break if the electron
heating, the pump frequency chirp, and the thermal noiselensity is lower than 0.00, the same as the density used
source for the Langmuir waves. The initial seed intensity wasn our simulations® Here, a,=eE,/m.cw, and a
0.25 of the initial pump intensity. Without heating but with =eE /m.cywow,. The wave-breaking condition corre-

1500

1000

seed gain

500

Downloaded 16 Apr 2004 to 198.35.11.132. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



Phys. Plasmas, Vol. 11, No. 5, May 2004 Inverse bremsstrahlung stabilization of noise . . . 1937

sponds to the plasma wave frequensy, being equal to the had time to heat, the linear stage of the BRA seed amplifi-
bounce frequencyw,= Vk,eE /m,, of an electron trapped cation is not adversely affected provided the seed intensity is
in the Langmuir wave electric field;,. Because the linear large enough to reach the pump depletion level in a short
Landau damping ratey;, under consideration is at least ten time. However, the unwanted amplification of thermal
times smaller tham,, the bounce frequency for the plasma plasma wave fluctuations to pump depletion levels may be
wave driven by the BRA will exceed the linear damping rate.reduced. Our estimates and simulations indicate that the re-
In that case, one might expect the actual damping rate foduction from increased Landau damping is not sufficient for
this interaction to be smaller than used in our simulations agnized hydrogen plasma. However, because the temperature
the distribution is flattened near the phase velocity of thdncrease is proportional to the charge stafe,helium or
plasma wave. On the other hand, this effect also introducelydrogen—helium mixtures may provide sufficient increase
nonlinear frequency shiftSthat are also not accounted forin in the Landau damping. The plasma wave amplitudes
our simulations. However, once the seed is amplified to theeached in the pF3d simulations are sufficiently large, even
pump depletion limit, the BRA process is insensitive to thebelow wavebreaking, that modifications to the electron dis-
actual value of the dampind.More important is the modi- tribution function may invalidate the use of linear Landau
fication of the damping by large amplitude waves driven bydamping rates. Nonetheless, the reduction of the SRS gain
spontaneous SRS because these simulations may underestill survive because the principal cause of the reduction is
mate the spontaneous SRS growth by overestimating thgpatial and temporal detuning caused by the temperature de-
Landau damping. For the case where the heating is just supendence of the Langmuir wave dispersion. This gain reduc-
ficient to suppress spontaneous SRS, the Langmuir wave artion is calculated and confirmed by pF3d simulations. The
plitude for the spontaneous SRS is about ffbr which  theory and simulations also show that pump frequency chirp
wy is 0.24 of the value at the pump depletion level. Thisand heating can be used together for added gain control.
value will still exceed the linear Landau damping and some

modification of the damping should be 9xpected. _Ther_e ar8 cKNOWLEDGMENTS
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