PHYSICAL REVIEW E 80, 046409 (2009)

Quasitransient regimes of backward Raman amplification of intense x-ray pulses
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New powerful soft x-ray sources may be able to access intensities needed for backward Raman amplification
(BRA) of x-ray pulses in plasmas. However, high plasma densities, needed to provide enough coupling
between the pump and seed x-ray pulses, cause strong damping of the Langmuir wave that mediates energy
transfer from the pump to the seed pulse. Such damping could reduce the coupling, thus making efficient BRA
impossible. This work shows that efficient BRA can survive despite the Langmuir wave damping significantly
exceeding the linear BRA growth rate. Moreover, the strong Langmuir wave damping can automatically
suppress deleterious instabilities of BRA to the thermal noise. The class of “quasitransient” BRA regimes
identified here shows that it may be feasible to observe x-ray BRA within available x-ray facilities.
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The anticipated high powers of new x-ray sources [1-3]
may be sufficient to enable the ultrafast nonlinear manipula-
tion of these pulses by means of stimulated Raman back-
scattering. The soft x-ray range appears to be the most prom-
ising for such experiments. The medium for Raman
processing intense soft x-rays may be a thin condensed-
matter sheet. The counterpropagating x-ray short seed pulse
and longer pump pulse can be coupled within the sheet
through the resonantly excited Langmuir wave. The optimal
sheet thickness is half of the pump length. The sheet could be
ionized and heated by the x-ray pulses themselves, or by an
optical laser pulse when necessary, and inertially confined
throughout the ultrafast nonlinear interaction. What is shown
below is that such a plasma sheet can mediate Raman back-
scattering in a nonlinear compression regime even when the
damping rate of the plasma wave exceeds significantly the
linear Raman growth rate. The regimes identified here extend
significantly the parameter domain in which the efficient Ra-
man compression of ultraintense laser pulses may be
achieved.

The necessary condition for the backward Raman ampli-
fication (BRA) of the seed x-ray pulse to occur within the
sheet, i.e., within the half of the pump pulse duration 7,y is

Catoumy/2 > 1, (1)

pump

where 'y is the largest possible growth rate of the Raman
instability of the seed pulse. For the transient Raman insta-
bility, this quantity is given by

I 1/2
FR=i<zw “’6) , 2)
mc cCw

where I is the pump intensity, w is the pump frequency, w, is
the plasma frequency, w,<w, c is the speed of light, —e is
the electron charge, and m is the electron mass.

There may be, for instance, a possibility of noticeable
BRA on the SASE-3 XFEL facility, anticipated to be capable
of producing 100 GW pulses at wavelength N\=6.4 nm (cor-
responding to the frequency w=3Xx 10'7 s7!) [2]. However,
the assumption that the linear BRA regime is transient (i.e.,
that the Langmuir wave damping can be neglected within the
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pumped pulse duration) could be justified only for a small
enough Langmuir wave damping, while the stronger damp-
ing would make BRA harder to detect.

The nonfocused output pulse diameter planned on the
SASE-3 XFEL facility is 0.01 cm (corresponding to the in-
tensity /=10 W/cm?), and the output pulse planned
duration is f,,;,,=10""" s. For the plasma concentration
n,=10?* cm™, corresponding to the plasma frequency
©,=5.6X10'% 57!, the linear transient BRA growth rate
would be I'g=10" s7' so that I'gty,y,/2=1/2. Focusing
XFEL output pulse to, say, a 0.001 cm diameter spot would
produce the intensity 7=10"7 W/cm?, T'x=10"* s7! and, re-
spectively, I'gt,mp/2=5. This might already be sufficient for
noticeable BRA, if the Langmuir wave damping indeed
could be neglected. This is however not warranted, as clari-
fied further, so that the damping impact on BRA must be
taken into account.

In the presence of Langmuir wave damping v, a suffi-
ciently short seed pulse amplified by a constant pump beam
grows in the linear BRA regime proportional to exp[S(z,1)]
with the exponent given at its large values, S(z,7)> 1, by the
formula

S(z.1) = 2T'p <t—5>5-v<z—5>, (3)
c/cC C

where ¢ is the time and z is the distance in the direction of the
seed pulse propagation (0 <z <ct). This formula differs from
the transient (v=0) linear BRA case (described, for instance,
in [4]) just by the simple term —w(t—z/c) describing the
Langmuir wave damping behind the short seed pulse. Equa-
tion (3) can also be easily obtained from the basic equations
presented below.

As seen from Eq. (3), the instability survives the Lang-
muir wave damping v in the domain,

>
ZFR.

Z ~
<—<1, v=

1+7% ct “

The amplified pulse maximum is located at
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“<1+ Z ) ® (5)
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2 V1 + 77 "
and
S(zyt) =~Tpt, T L (6)
Zy,t) = s =
M K K I+ +7

Thus, taking into account the Langmuir wave damping v, the
necessary condition (1) for noticeable BRA should be re-
placed by

gt oumn/2 = 1. (7)

pump
For weak damping, 7<<1, the linear BRA is transient,

fRzl"R, and the amplified pulse maximum moves with the
speed c/2, i.e., twice slower than the seed so that the pulse
quickly stretches.

In the opposite case of strong damping, ¥> 1, the linear
BRA instability survives just in the narrow domain trailing
the seed, 0<t—z/c<tv 2 (assuming that the seed is shorter
than even this narrow domain). Then, 7—z,,/ c=t72%/4
and the maximal growth rate is substantially smaller,
Tr=T%/v<Th.

Note that in strong damping regimes, due to the pumped
pulse being much shorter than the amplification distance, the
above formulas can easily be generalized for varying damp-
ing v (as long as the variation is negligible within the short
pumped pulse duration). Namely, v in formulas (3)—(6)
should then just mean the Langmuir wave damping in the
pumped pulse space-time location. This damping may vary
significantly along the pumped pulse trajectory. As seen from
Eq. (6), the linear BRA survives even for the Langmuir wave
damping growing along the pumped pulse trajectory not
faster than z. For v(¢,z=ct) o, the exponential linear BRA
disappears. Yet, the pumped pulse amplitude still grows o«t,
as clarified below. The pumped pulse duration decreases in
this case «1/¢. Such a distance-dependent damping can imi-
tate nonlinear BRA saturation and pulse compression, while
staying in linear BRA regimes. The effect might be also rel-
evant to optical pulse BRA regimes, providing a possible
explanation of relatively low efficiency observed so far in the
experiments [5-7].

The actual damping of Langmuir wave is caused prima-
rily by electron-ion collisions and resonant Cherenkov-type
electron-wave interaction (causing so-called Landau damp-

ing),
V= Vein + Vind- (8)

The collisional damping rate of the Langmuir wave is ap-
proximately a quarter of the electron-ion collision rate,

Veln =~ Vei/4' (9)

For a nearly ideal classical plasma with singly charged ions,
the rate of electron-ion collisions v,; can be written as
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4 (27 An,e (10)
V.. = — — =5,
ei 3 m Tz/Z
where n, is the electron concentration and A is the Coulomb
logarithm.
Landau damping is proportional to the slope of the distri-
bution of resonant electrons moving with the phase velocity
of Langmuir wave,

Uph = cqr/2, qr=olo (<1). (11)

To avoid excessive Landau damping, it is necessary to keep
the phase velocity of the Langmuir wave much larger than
the thermal electron velocity \T,/m. This is possible for suf-
ficiently low electron plasma temperatures 7, such that

T, < mc*qi/4 = Ty,. (12)
The linear Landau damping rate for Maxwellian electron dis-
tribution is

—
W N T

1 T,
Ipa= (2q7)3/2eXp< qu), qr= T, <1. (13)
The actual Landau damping is sensitive to the distribution of
resonant electrons and might differ significantly from Eq.
(13). Deviations from Eq. (13) may occur even when the
bulk electrons are Maxwellian, since resonant electrons both
are more strongly affected by nonlinear interactions and are
more slowly relaxed to equilibrium than are the bulk elec-
trons. Under certain conditions, Maxwellian tails of the elec-
tron distribution might not even have time enough to form, if
plasma is also heated on the ultrafast time scale of the inter-
action. When tails do form, Landau damping still may be
much smaller than Eq. (13) since the resonant electron dis-
tribution gets smoothed within just a few plasma-wave peri-
ods in the most favorable BRA regimes where the wave am-
plitudes are about the wavebreaking threshold. Therefore,
acceptable values of the small parameter ¢ might, in fact, be
as large as 1/4—1/3. (Smaller values of ¢ are also acceptable,
as long as the collisional damping not too strong, but intense
x-ray pulses tend to heat plasma to higher temperatures 7,
closer to T, through the inverse bremsstrahlung and the
Langmuir wave damping.)
Formulas (9) and (10) for collisional damping of Lang-
muir wave can be presented in the form

2\5/\}’6(»3 e?
Vem = "= 3, » Fe= 5 ~2818 fm. (14)
3Nmgy cw, mc
For the above A=6.4 nm (w=3X10"7 s7!) and

n,=10** cm=, (w,=5.6x10' s7!, T,,=4.6 keV), and for
gr=1/4 (T,=1.15 keV), it follows v,=6.4X 10" s7!. As-
suming that the Landau damping of Langmuir wave can be
neglected due to the nonlinear suppression, modified growth
rate (6), for Tr=10" s7!, would be [r=7.3%x10" s7L.
Then, th /2=3.7 which is sufficient for the linear BRA
to appear.

However, to enter the nonlinear stage of BRA, where the
pumped pulse is compressed, the value of parameter

l_‘Rl‘pump

pump

/2 should be larger. To make possible even the most
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advanced nonlinear compression, it would be desirable to
focus the XFEL output pulse to D=1 um diameter spot.
This would produce the intensity 7/=10" W/cm?,
I'x=10" s and, respectively, I'gtpymy/2=50. If the Landau
damping of the Langmuir wave were negligible and other
parameters were the same as above, this would imply the
transient BRA compression regime similar to that described
in [4]. Note that, in this example, the focused pump diffrac-
tion time D?/(Ac)~5X 107" s is still larger than the pump
duration, so that diffraction can still be neglected. The pump
intensity is still below the Langmuir wave breaking threshold
Iyy=n,mc3q;/16=3 X 10" W/cm?, so that complete pump
depletion is possible [4]. Yet, the pump intensity is already so
high that the plasma heating via the inverse bremsstrahlung
of pump energy may be important. Under conditions when
the electron cooling by thermal conduction and by collisions
with ions is negligible, the pump inverse bremsstrahlung
heats the electron plasma by

Viptpl
ST,=—" (15)
Con,c
where ¢, is the time of heating, C,=3/2 is the specific heat
per electron, and v, is the rate of inverse bremsstrahlung [8],

Vip = V2 @ (16)

The largest heating occurs at the edge where the pump enters
the plasma. There, #,=1,,,, and 6T,=1.2 keV, so that no
extra plasma heating is needed. Note that the laser pump
energy per plasma electron can be evaluated as

Tp=-——. (17)

For the above parameters, Tp=4 keV, so that the energy loss
due to the plasma heating is relatively small. In this transient
nonlinear BRA regime, the amplified pulse can be com-
pressed to the duration of plasma-wave period, i.e., 1071 s,
so that the nonfocused BRA output intensity can reach
4x10*" W/cm?.

Consider now how much of the Langmuir wave damping
could really be tolerated in such nonlinear BRA regimes.
This is important due to the following factors:

(1) the suppression of the Landau damping might not be
sufficient to neglect the damping altogether (note that linear
Landau damping for a Maxwellian electron distribution at
the above parameters, vp,q=4X10'% s7!, is close to the
plasma frequency);

(2) the collisional damping might be larger in the presence
of multicharged plasma ions;

(3) the collisional damping might be larger, if extra
plasma heating is not provided, at smaller pump intensities,
or at distances further from pump entrance in plasma; and

(4) even under conditions when the linear, or even mod-
erate nonlinear BRA stage is strongly affected by the Lang-
muir wave damping, the damping might become less impor-
tant during the advance nonlinear BRA stage, when the
pumped pulse is strongly compressed.
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To evaluate the tolerable damping, the evolution of the
space-time envelopes of the pump and pumped laser pulses
and resonant Langmuir wave experiencing some damping
can be described by the following equations:

a;—ca,=—Tpbf,
bt+ Cbz = FRaka,

fi+vf=Trab". (18)

Here a and b are the dimensionless space-time
envelopes of the pump and the pumped pulse electron
quiver velocities normalized so that the power densities
I, and I, are [I/b*=I,/|a]*=mc(m,c?/e)’al/\?
=2.736><1024a%/)\2[nm] W/cm?, and f is the normalized
Langmuir wave envelope.

In new variables,

{=TRt-2z/c), 7=Tgzc, (19)
Equations (18) take the form
2a;—a,=-bf,
b,=af",
Sfe+ 20f=ab". (20)

Under conditions when the pumped pulse length is much
shorter than the amplification distance, the term a, is much
smaller than a;. Note that without the terms a, and also 7f,
Egs. (20) have self-similar solutions of the form

a=A(n), f=F(n), n=71. (21)

which describe the pulse amplification and contraction in the
well-known m-pulse regime [9]. In this regime, the ratio
S¢l foe T grows along the pumped pulse path, so that even a
growing Langmuir wave damping coefficient, ¥, could be
tolerated, so long as it grows no faster than .

The largest tolerable damping, growing like 7, can be
written as 29=q,7 (i.e., v=q,I'2z/c). To evaluate the largest
tolerable damping gradient, ¢,, note that Egs. (20), with
2v=gq, 7 (but without the term a,), still have self-similar so-
lutions of the form of Eq. (21). These solutions can be de-
termined from the ordinary differential equations,

b=1B(7),

2A,=-BF, B+7B,=AF", F,+q,F=AB" (22)

with the following initial conditions (or, in the physical prob-
lem, boundary conditions) at 7— +0:

A(+0) =cos(e/\2), F(+0) =2 sin(e/\2),

e=Ty f b(0,1)dt. (23)

The resulting normalized pump intensity A? is shown in Fig.
1 for several values of parameters € and g,. As seen from the
figure, a higher damping gradient of the Langmuir wave
(large g,) inhibits pump depletion by smaller seeds (small €),
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FIG. 1. (Color online) Normalized pump intensity A2 in self-similar BRA regimes, for several values of the integrated seed amplitude e
and Langmuir wave damping gradient ¢,

while allowing pump depletion for larger seed energy. This
can be an advantageous effect, since the pump propagation
through the plasma is then more robust to premature back-
scattering off small unintentional waves, such as seeded by
thermal fluctuations. An appropriate Langmuir wave damp-
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ing can also advantageously suppress secondary spikes in the
pumped pulse, while even improving the leading spike am-
plification by preventing the energy flowing back to the
pump from the trailing part of the leading spike. This allows
the single amplified spike to consume nearly all the pump
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FIG. 2. (Color online) Evolution of normalized wave intensities »>, a> and f> in quasitransient BRA regime with the integrated seed

amplitude €=0.1 and Langmuir wave damping v=>51.

energy. (Note that the pump energy spent for Langmuir wave
excitation constitutes just a small fraction, w,/w<<1, of the
energy consumed by the pumped pulse.)

Most importantly, these results appear not to be very sen-
sitive to details of the Langmuir wave damping variation
with the amplification distance. What really matters is the
damping value at the final stage of amplification when the
most of the pump energy is consumed by the amplified pulse
(this is because the distance needed for pumped pulse ampli-
fication grows proportional the pulse energy). The maximum
tolerable damping value at the final BRA stage can be ex-
pressed in the terms of the parameter g, as

vy~ qyf,zetpump/ 2.

For ¢,=0.5, Tx=10" s7" and Tl ym,/2=50, it follows that
vp~2.5%10' 57!, so that Langmuir wave damping as large

as about half of the plasma frequency could be tolerated.

These conclusions are supported by numerical solution of
Eq. (20) (without the term a,) with initial and boundary con-
ditions

a(+0,7) =cos(e \5), f(+0,7)= \E sin(e/\E),

b(£,0) =0. (24)
Normalized wave intensities 5%, a?, and f> in quasitransient
BRA regimes are shown in Figs. 2-4 for several values of
the amplification distance, integrated seed amplitude € and
Langmuir wave damping v. Here and further, constant damp-
ing rate v is considered (rather than a damping rate that
grows with 7).
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FIG. 3. (Color online) Evolution of normalized wave intensities »>, a> and f> in quasitransient BRA regime with the integrated seed

amplitude €=0.1 and Langmuir wave damping v=101.

These figures show that significant Langmuir wave damp-
ing indeed can be tolerated in quasitransient BRA regimes,
with nearly total pump depletion even when the Langmuir
wave damping rate significantly exceeds the largest linear
Raman growth rate. The largest tolerable damping is an in-
creasing function of the amplification distance and integrated
seed pulse amplitude. When the damping exceeds this limit,
the pump depletion decreases. Yet even in such nearly linear
BRA regimes, significant amplification and compression of
the pumped pulse can occur.

More specifically, Fig. 2 shows the pulse evolution in qua-
sitransient regimes with Langmuir wave damping moder-
ately large compared to the largest linear Raman growth rate,
v=5T"%. In such regimes, even an initially small enough am-
plified pulse, €=0.1, becomes, at an advanced nonlinear
BRA stage, not very sensitive to the damping and resembling

the leading amplified spike in purely transient BRA regimes.
At the latest nonlinear BRA stage even the second amplified
spike appears. The advanced amplified pulse intensity b>
greatly exceeds the pump intensity a® so that the latter is
barely seen at the b> plot for 7=I'gz/c=30 (or 50). There-
fore, the pump and Langmuir wave intensities, a*> and f2, are
shown separately, for the same parameters, in the expanded
scale plots.

A stronger damping, v=101", significantly prolongs the
linear stage of amplification of the pulse of the same initial
integrated amplitude, €=0.1, and reduces the amplified pulse
intensity even at an advanced nonlinear stage. This is clearly
seen from comparison of plots presented in Figs. 2 and 3. On
each plot, the major parameters are indicated. The amplified
pulse intensity reduction becomes less pronounced, but still
remains even at the final BRA stage, as seen from plots Fig.
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FIG. 4. (Color online) Final normalized wave intensities 5%, a® and f? in quasitransient BRA regime with the integrated seed amplitude

€=0.1;0.3;0.5 and Langmuir wave damping v=200.

2 and 3 at 7=I"gz/¢=50. Due to the amplified pulse intensity
reduction, the pump intensity a® remains slightly visible at
the b? plot for 7=T"gz/c=40 (and is even marked therein). To
show the pump and Langmuir wave intensities, a® and f2,
properly, the separate expanded scale plot is presented for
7=I"gz/c=40 (and similarly for 7=I"gz/c=50).

Even stronger damping, v=20I"y, delays the linear stage
of amplification of a pulse with the same initial integrated
amplitude, €=0.1, so much so that the pump depletion re-
mains small even at the final BRA stage 7=I"3z/¢c=50, as
seen from the respective plots in the Fig. 4. Due to the great
reduction of the amplified pulse intensity, the pump intensity
a? is clearly seen even at the b? plot for e=0.1. However, to
clearly show the small depletion of the pump intensity and
small Langmuir wave intensity, the expanded scale plot is
presented separately for €=0.1.

Even at such stronger damping, v=201"g, the BRA effi-

ciency and pulse compression can be improved significantly
by using stronger seed pulses. The improvement is apparent
in Fig. 4 for a larger initial integrated amplitude, €=0.3. The
amplified pulse intensity b* greatly exceeds the pump inten-
sity @, so that the latter is again barely seen at the 5> plot for
€=0.3. Therefore, the pump and Langmuir wave intensities,
a® and f?, are shown separately, for the same parameters, in
the expanded scale plot. This plot shows, in particular, that
the initial seed integrated amplitude €=0.3 produces nearly
complete pump depletion at the final BRA stage.

For an even larger initial seed integrated amplitude,
€=0.5, the pulse compression at the final BRA stage is es-
sentially restored, and the amplified pulse becomes about
1000 times more intense than the input pump. The expanded
scale plot for the final pump and Langmuir wave intensities,
a® and f? at €=0.5, shows, in particular, that the pump deple-
tion reaches 100%.
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For the parameters considered above for the advanced
nonlinear regime, the resonant electrons are not thermalized
within the output pumped pulse duration (though the Max-
wellization of the resonant electrons has time enough to oc-
cur within the pump duration). This permits the Langmuir
waves to smooth the electron distribution, and thus to reduce
the Langmuir wave Landau damping below that given by Eq.
(13). The reduction by just a half already enables efficient
quasitransient BRA regimes.

While these results are general enough to apply to any
Raman backscatter regimes, including optical ones, the qua-
sitransient regimes are of the most crucial importance spe-
cifically for x-ray BRA. This is because the x-ray BRA needs
plasma densities as large as those of condensed matter in
order to provide enough coupling between the pump and
seed laser pulses, thus making strong damping of Langmuir
waves inevitable. The above theory extends the parameter
range for efficient BRA. It makes more feasible approaching
the theoretical short-wavelength limit for efficient x-ray
BRA found in [10], as well as exploiting relic lattice effects

PHYSICAL REVIEW E 80, 046409 (2009)

to enhance the dispersion of the x-ray group velocity and
exceed the theoretical limit for the output pulse fluence in
homogeneous plasma, as proposed in [11].

The major results of this work are:

(i) it is shown that efficient backward Raman amplifica-
tion (BRA) is possible even for the Langmuir wave damping
significantly exceeding the linear Raman growth rate, and the
largest tolerable damping is determined quantitatively;

(ii) moreover, the strong Langmuir wave damping is
shown to be capable of automatically suppressing deleterious
instabilities of BRA to the thermal noise; and

(iii) a class of BRA regimes is identified, called herein
“quasitransient” regimes, in which the observation of x-ray
BRA may be feasible within already available technologies,
in particular, on the currently built SASE-3 XFEL facility.

This work was supported in part by the NNSA under the
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