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Random density inhomogeneities and focusability of the output pulses
for plasma-based powerful backward Raman amplifiers

A. A. Solodov,a) V. M. Malkin, and N. J. Fisch
Princeton Plasma Physics Laboratory, Princeton University, Princeton, New Jersey 08543
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Random plasma density inhomogeneities may defocus the output pulses of powerful backward
Raman amplifiers~BRA!. Because of ultrahigh intensities of even nonfocused BRA outputs, such
distortions, if occur, are then difficult to correct. A simple expression is derived for the largest BRA
length for which the output pulse focusability is not yet spoiled. Interestingly, this limitation does
not depend on the pump laser intensity. A useful effect of plasma inhomogeneities that might help
to suppress premature pump backscattering by thermal noise is also pointed out. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1576761#
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I. INTRODUCTION

The recently proposed scheme for fast compression
pump laser pulses in plasma through transient backward
man scattering1 is expected to produce short laser pulses
nearly relativistic non-focused intensities. For example,
l51 mm-wavelength lasers, the expected nonfocused ou
pulse intensity isI;1017 W/cm2, which is about five orders
of magnitude higher than currently available through chirp
pulse amplification.2 Unprecedented ultrarelativistic intens
ties could be obtained, if the fast compressor outputs w
efficiently focused in vacuum. This, however, is not read
achieved by existing mirrors or gratings, since the non
cused output intensities already greatly exceed the hig
intensities tolerable by a material surface. The fast comp
sion scheme envisions using a prefocused seed pulse
remains focused as it is amplified in the plasma, with furt
focusing occurring in a vacuum as the pulse leaves
plasma.1

The pumped pulses are thought to remain well-focu
through the entire amplification process, because the p
fronts of the original short seed pulse should not be m
affected by the pump. The amplification is mediated by
Langmuir wave resonantly excited by beatings of the s
and the pump. It occurs primarily behind the short lead
seed, where the Langmuir wave has already time enoug
grow; ahead of the seed there are no Langmuir waves, ex
for small thermal noise. Thus, the growing Langmuir wav
backscatter the pump, and the backscattered electromag
field also grows behind the seed front. Eventually, the ba
scattered wave is sufficiently strong to deplete comple
the pump. This qualitative picture is confirmed by tw
dimensional numerical simulations,3 where the phase front
of amplified pulses were shown to be robust to a broad ra
of pump and seed perturbations in homogeneous plasm

The major goal of the current work is to analyze qua
titatively the effect of random plasma density inhomoge
ities on the focusability of output pulses in backward Ram

a!Electronic mail: asolodov@pppl.gov
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amplifiers~BRA!. Plasma density inhomogeneities can infl
ence the pumped pulse through scattering the seed
through detuning the BRA resonance. The effect on BRA
a fixed longitudinal gradient in plasma density was analyz
and usefully employed in Ref. 4. Here we are interested
stead in the effect of random inhomogeneities of the plas
density. The transverse variation of these inhomogeneitie
capable of spoiling the focusability of pumped pulses. In
applications that we contemplate, the focusing length
BRA output pulses is assumed to be much larger than
BRA length.

II. SIMPLE THEORY

The BRA resonance detuning is caused primarily
fluctuations of the Langmuir wave frequency,

dve'v0dn/2n0 , ~1!

associated with the deviationdn of plasma electron concen
tration from its average value,n0 , and the respective devia
tion of electron plasma frequency from its average val
v05A4pn0e2/me, wheree is the charge andme is the mass
of an electron. One might expect that the detuning effec
not likely to be important for pumped pulses whose fr
quency bandwidth is much larger thandve . The frequency
bandwidth of pumped pulses in BRA is at least as large
growth rateg0 of the linear BRA instability of the pump. Fo
a laser frequency much larger the plasma frequencyv
@v0 , the linear growth rate of BRA is

g0'a0Avv0/2, ~2!

wherea0 is the electron quiver velocity, measured in units
the vacuum speed of lightc, and normalized such that th
pump power density is I 05pc(mec

2/e)2a0
2/l2'2.736

31018a0
2/l2 @mm# W/cm2. The conditiondve,g0 , under

which the linear stage of amplification is not affected
plasma density inhomogeneities, takes then the form

ñ[dn/n0,a0A2v/v0. ~3!
0 © 2003 American Institute of Physics
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For BRA scheme numerical examples given in the table
Ref. 5, wherea050.006 andv/v0512, Eq.~3! requiresñ
[dn/n0,0.03.

This relatively mild condition becomes even milder du
ing the nonlinear stage of amplification, when the pump
pulse becomes shorter and its frequency bandwidth
creases. The increase is approximately linear in time, s
the pumped pulse duration, which is the duration needed
the pump depletion, is inversely proportional to the pu
amplitude. Taking into account that the major portion of t
pump energy is consumed during the advanced nonlin
stage of amplification, when the pumped pulse is the shor
and its bandwidth largest, we do not need in fact to ha
condition ~3! satisfied, but rather a milder condition corr
sponding to the advanced nonlinear stage of amplificatio

When condition~3! is not satisfied, the instability stil
develops and reaches nonlinear stage in a domain clo
trailing the seed, provided the seed is short enough.
length of the instability survival region behind the see
where the instability is nearly not affected by inhomogen
ities, can be estimated asl r5c/dve . The growth rate there is
smaller thang0 , sinceg0 is the rate that would be reached
a homogeneous plasma much further behind the seed, w
the instability is now suppressed by inhomogeneities. In
der not to delay too much of the pump depletion, one m
use more intense seed pulses. The seeding capacity is co
niently characterized, as in Refs. 1, 4, 5, by the dimensi
less integrated amplitude,

e'Avv0E b0dt, ~4!

with the initial seed pulse amplitudeb0 defined in the same
way as the pump amplitudea0 above.

Note, that decrease in the linear growth rate atdve

.g0 indicates that density inhomogeneities, apart from h
ing harmful defocusing effect on pumped pulse, might h
to stabilize the pump to premature backscattering by ther
noise.

Consider now pumped pulse scattering by plasma d
sity fluctuations, which could spoil the pumped pulse ph
fronts and hence focusability. We assume that the lead
seed is short enough to be nearly not affected by the detu
and the pump, and also is shorter than the output pum
pulse. According to Ref. 1, the phase does not vary along
pumped pulse in the absence of the detuning. Theref
when the pumped pulse is already short enough to neg
the detuning within the energy-containing domain, the ph
fronts in this domain should closely reproduce the ph
fronts of the leading seed. Then, the output focusability
pends primarily on the propagation of the seed front, wh
can be analyzed within the standard linear theory for la
pulse propagation in an inhomogeneous plasma.6,7

For a single laser pulse propagating through an inhom
geneous plasma in the linear ray optics regime, the w
number deviates by

dk'2ñ
v0

2

2vc
~5!
Downloaded 19 May 2003 to 198.35.11.152. Redistribution subject to A
n

d
-

ce
or
e

ar
st
e

.

ly
e

,
-

ere
r-
y
ve-
-

-
p
al

n-
e
g

ng
ed
e
e,
ct
e
e
-

h
r

-
e

from the homogeneous plasma case, resulting in a phase

df5E
0

z

dz dk'2
v0

2

2vc E0

z

dz ñ ~6!

at the distancez from the plasma boundary. In particular, th
phase shift varies in the transverse directionsr' , as doesñ.
Thus, an originally quasiplane section of the pulse ph
front becomes distorted in the transverse directions. T
r'-dependent part of the laser field can be interpreted as
field scattered by plasma inhomogeneities. As long asdf
!1, ther'-dependent intensity constitutes a relatively sm
fraction (df)2 of the nonscattered field intensity.

Consider the case that the longitudinal and transve
correlation lengths of plasma density fluctuations satisfy
condition,

l i!p l'
2 /l5 l d . ~7!

Then, for an intermediatez, such thatl i!z! l d , longitudinal
averaging of fluctuations occurs, while diffraction remai
negligible and the ray optics approximation can be used. P
forming this averaging then gives

~df!2'S v0
2

2vcD
2

Nz, ~8!

N[^ñ2& l i[E
2`

`

dZ ñ~r' ,z1Z/2!ñ~r' ,z2Z/2!. ~9!

The decrease in the nonscattered~i.e., nondistorted! seed
field intensityI s is

2
1

l s
[

d ln I s

dz
'2

~df!2

z
'2S v0

2

2vcD
2

N. ~10!

A similar consideration applies to the nextz-layer and also to
the next quasiplanar section of the laser pulse phase fr
Therefore, Eq.~10! should be valid everywhere in th
plasma. The same arguments will accommodate a slow va
tion of the correlation functionN. We do not consider evo
lution of the scattered field, since it is not needed here
long as the rescattering back to the nonscattered field is r
tively small.

The quantityl s in Eq. ~10! represents the length of en
ergy loss by the well-focused pumped pulse~which can be
pumped up to a fluency 2l sI 0). It means that there is no
much sense in making the pump longer than 2l s and the
plasma should not be longer thanl s ,

z, l s'
4v2c2

v0
4^ñ2& l i

. ~11!

This expression does not depend on the pump laser inten
in contrast to the largest BRA lengths allowed by the ne
forward Raman scattering and modulational instability of t
pumped pulse~which lengths both get smaller for large
pump intensities1,5!.

For instance,l51 mm and v/v0512, corresponds to
l s;2/105^ñ2& l i . This l s exceeds the maximum BRA lengt
allowed by the near-forward Raman scattering and mod
tional instability, l BRA;0.7 cm for a050.006, provided
^ñ2& l i,331025 cm, i.e.,ñ,0.03 for l i;0.03 cm.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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Alternatively, Eq.~11! could be viewed as a restrictio
on the amplitude of plasma density fluctuations needed
good output pulse focusability at given amplification leng
l BRA ,

^ñ2&1/2,
2vc

v0
2~ l BRAl i!

1/2.

III. NUMERICAL RESULTS

To verify the above simple theory, we solved nume
cally the basic equations for three-wave interaction along
2D set of rays. Neglecting diffraction effects, the basic eq
tions for each ray are 1D equations of Refs. 1 and 5,

at1caz5Vb f, bt2cbz52Va f* ,

f t1 idvef 52Vab* , V5Avve/2, ~12!

wheref is a normalized envelope of the Langmuir wave. T
shape of the seed was initially Gaussian in both the long
dinal and transverse directions. Further, even when the s
deviates from the Gaussian one, we define the pulse dura
and diameter as the respective full widths at the half of
maximum intensity~FWHM!.

Random perturbations of plasma density were con
ered to be Gaussian with the dispersion^ñ2& and correlation
lengthsl i and l' ,

^ñ~r !ñ~r1R!&

^ñ2&
5expS 2

pZ2

l i
2 2

pX2

l'
2 D . ~13!

These perturbations enter in Eq.~12! through the modulation
of plasma frequencydve @see Eq.~1!#.

We selected the values of pump amplitudea050.006,
laser-to-plasma frequency ratiov/v0512, the initial seed
amplitudeb050.0031, and duration 40 fs@corresponding to
the integrated seed amplitudee50.1 as defined by Eq.~4!#.
The width of the plasma layer was taken at 0.7 cm.

Figure 1 shows the pumped pulse intensity and ph
along a single ray, numerically calculated for two differe
cases of random density perturbations with the samel i

50.018 cm but different amplitudeŝ ñ2&1/250.02 and
^ñ2&1/250.15. The first value ofñ is smaller, while the sec
ond is larger than the ‘‘critical’’ valuêñ2&1/250.03 that sup-
presses the linear instability grows rate for the given para
eters. For comparison, we show also longitudinal profiles
the pumped pulse intensity in the homogeneous plas
Note, that the lineare-folding length in homogeneous plasm
is l 05c/g050.013 cm for given parameters.

As seen from the pulse intensity longitudinal profiles
an early amplification stage,ct50.07 cm@Fig. 1~b!#, the lin-
ear instability growth rate is not substantially suppressed
^ñ2&1/250.02 and strongly suppressed for^ñ2&1/250.15
when the instability survives only in a domain closely tra
ing the seed.

At the latest stagect50.7 cm@Fig. 1~c!#, the pulse am-
plitude profile is much less sensitive to density perturbatio
it is nearly the same as in homogeneous plasma for^ñ2&1/2

50.02 and not too far from that even for^ñ2&1/250.15. This
is due to the frequency bandwidth broadening of the pum
Downloaded 19 May 2003 to 198.35.11.152. Redistribution subject to A
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pulse, in accordance with the above theory. Thus, highly
ficient BRA is capable tolerating very strong density inh
mogeneities.

Figure 1~d! shows the phase profile of the pumped pu
in inhomogeneous plasma atct50.7 cm. As seen, the phas
is nearly constant in the energy-containing domain of
pumped pulse. Phase jumps near zeros of the pulse am
tude are readily understood and not important from the
ergetic viewpoint. This supports the above speculations
phase fronts of the pumped pulse reproduce phase fron
the leading seed at the distances shorter thanc/dve from the
front.

FIG. 1. Longitudinal profiles of the pumped pulse intensity att50 ~a!, ct
50.07 cm ~b!, and ct50.7 cm ~c! ~dotted, dashed, and solid lines corre
spond to density perturbations of amplitude^ñ2&1/250, 0.02, and 0.15, re-
spectively!; the phase profile is given atct50.7 cm~d!.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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Highly efficient BRA along each ray does not guaran
yet good focusability of the output pulse. To address
focusability issue we performed two-dimensional simu
tions including both the amplification of the seed pulse
the pump in plasma and further propagation of the out
pulse in vacuum up to the focal plane. The transverse pro
of the input pump and seed intensities were Gaussian
1.2 cm FWHM.

The input seed pulse was prefocused to a focal spot w
12 mm FWHM, and the distance from the plasma bound
to the focal plane was 30.7 cm. The pump and seed on-
amplitudes, seed duration, and the ratio of the laser
quency to the plasma frequency were taken to be the sam
in Fig. 1. Plasma density perturbations were of the amplit
^ñ2&1/250.03 and the correlation scalesl i5 l'50.02 cm.
The results are presented in Fig. 2.

Figure 2~a! shows distortion of transverse profiles of th
pumped pulse phase in the inhomogeneous plasma.
phase dispersion at the exit from the plasma layer,^(df)2&
'0.6, is consistent with Eq.~8!.

Figure 2~b! shows the transverse profile of the pump
pulse intensity in the focal plane at thez-location of the
absolute intensity maximum. The intensity is normalized
the maximum focal intensity value in the absence of
plasma density inhomogeneities (I 0). The decrease in the
nonscattered focused intensity caused by the density inho
geneities is consistent with Eq.~10!, I s /I 050.55. The focal
FWHM of the nonscattered spike is the same as in the
mogeneous plasma, which is 22mm. This size is somewha
larger than it would be in the absence of the pump, due to

FIG. 2. Transverse profiles of the pumped pulse phase perturbations i
inhomogeneous plasma; solid lines, and the pump intensity~schematic!;
dashed–dotted line~a!; the transverse profile of the pumped pulse intens
in the focal plane normalized to the maximum focal intensity value in
sence of the plasma density perturbations~b!.
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‘‘edge steepening’’ in the transverse profile of the pulse
tensity during the amplification. The effect, noted in Refs
and 4, is associated with the quadratic dependence
pumped pulse amplitude on pump amplitude (b}a2) and
horseshoe shape of the pumped pulse. The ‘‘edge stee
ing’’ implies generation of larger transverse wave numb
and, hence, a larger focal spot.

Note that an attempt to make the BRA length larger th
l s of Eq. ~11!, when this is allowed by other limiting factors
would lead tô (df)2&@1 and scattering nearly all the puls
energy. We are not interested here in such low-efficien
regimes, even though the nonscattered light still might
seen in the focal spot well above the background. The fo
spot remains distinct because the nonscattered field rem
well-focused, as the original input, while the scattered lig
propagates in a broad solid angle. The effect was discus
for instance, in Ref. 8 in the context of image recognition
a dirty water.

To illustrate numerically the potentially useful stabiliz
ing effect of plasma density inhomogeneities on the pu
backscattering by thermal Langmuir noise, consider pro
gation of the pump through the plasma with a temperat
Te540 eV. Consider, for simplicity, a thin pump pulse o
diameterd much smaller than the amplification lengthl .
Then, the waves backscattered at small axial anglesu
,d/ l ) might be dangerously amplified, while the wav
backscattered at larger angles quickly leave the pump
main in transverse directions. It makes a reasonable 1D
merical modeling.

The results of such 1D simulations, performed forl
50.3 cm andd50.04 cm, are presented in Fig. 3. The pum
amplitude, the laser wavelength, and the ratio of the la

the

-

FIG. 3. A pump pulse propagation through a plasma with thermal Langm
fluctuations:~a! normalized intensities of the pump~solid line! and Lang-
muir wave~dashed line! at t50.85l /c in the absence of static density pe
turbations;~b! normalized pump pulse intensity att52l /c ~solid line! and
static plasma density perturbations~dotted line!.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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frequency to the plasma frequency were the same as in
above examples. We used 1D equations~12!. The instability
was seeded by thermal Langmuir waves, possessingTe en-
ergy per each mode in the three-dimensional wave-ve
space,

uEl
2u

16p
5

1

2
Te

Vk

~2p!3 , ~14!

where the bar indicates time averaging andVk is number of
Langmuir waves responsible for the pump ne
backscattering, per unit volume. Under above conditio
Vk;DkiDk'

2 , where Dki;g0 /c and Dk';kpumpd/ l ~and
all these Langmuir waves have wave-vectors aroundk
'2kpump).

We compared pump pulse propagation through a ho
geneous plasma and through a plasma with static den
perturbations of the amplitudêñ2&1/250.055 and correlation
scalel i50.006 cm. In the homogeneous plasma, the pu
was noticeably depleted by the noise-seeded backscatt
even before the pump front exited the plasma. The pu
intensity profile upon the pump front traversing 85%
plasma lengthl is shown in Fig. 3~a! by the solid line. The
Langmuir wave amplitude, shown there by the dashed l
reached then the wave-breaking value~see Refs. 1 and 5! in
the maximum located at the pump entrance into the plas

The static plasma density inhomogeneities, shown
Fig. 3~b! by a dotted line, allows even a 2l -long pump pulse
~solid line! to traverse the entirel -long plasma layer nearly
nondepleted.

Note that, in a homogeneous static plasma, the lar
depletion occurs near the pump entrance into the pla
where the pumped noise grows the largest time, while in
inhomogeneous static plasma, the major backscattering t
to occur in the longest flat domains of random density p
file. To avoid long flat density regions where the plasma
effectively quasihomogeneous, we chose in this simula
the longitudinal correlation scale of static density pertur
tions smaller thanc/g0 .
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IV. CONCLUSION AND DISCUSSION

Our results indicate that energetically efficient BRA
remarkably robust to the random static plasma density in
mogeneities. Moreover, the output pumped pulse can m
tain the same high focusability as the input prefocused s
in a broad range of parameters of practical interest. We a
found that random plasma inhomogeneities can help to s
press premature pump backscattering by thermal Langm
noise.

Note, that the joint effect of random plasma density
homogeneities and BRA detuning~associated with a regula
longitudinal density gradient and/or a pump chirp!, not ana-
lyzed here, requires further attention. This effect was con
ered by Nicholsonet al.9 for the case of a regular densit
gradient, for the somewhat different problem of waveleng
detuning, rather than frequency detuning like in our case
was found that even relatively small random plasma den
inhomogeneities combined with a detuning can produc
new instability. The relevance of this effect to the BRA h
yet to be addressed.
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