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Scattered light diagnostics of overdense plasma cavity in solid targets irradiated
by an ultraintense laser pulse
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The light scattered backward from a target illuminated by ultraintense laser pulses carries important infor-
mation about the nonlinear laser-plasma interaction. We analyze the usefulness of this information by plasma
corona analysis with the help of an analytical model we developed, and particl-in-cell simulation. The spectrum
of scattered light is shown to be shifted, to be broadened, and to be modulated, in comparison with the initial
laser spectrum, and the spectral shift is an indicator of laser pulse contrast ratio.
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INTRODUCTION

Measurement of the spectrum of scattered laser radia
is an important method for the investigation of dense la
plasmas@1,2#. This method can be particularly useful fo
studying the plasma corona produced by the laser prep
that inevitably precedes an intense short laser pulse@3,4#.
However, to reconstruct plasma parameters from result
spectral measurements, one has, at first, to find the e
connection between these parameters and the spectrum
have attempted to do this in our earlier papers@5,6#. In a
recent paper@7#, the phase of the reflected wave has be
found by numerical simulation. In the present paper we st
the dynamics of plasma in strong laser fields via numer
simulation and analytical modeling.

We consider slow ion plasma movements only, and th
influence on the reflected wave spectrum. In such case f
low ion velocities, the shift of scattered wave frequency a
spectrum width are small compared to the laser freque
The structure of nonlinear plasma density oscillations
evaluated on the basis of our developed analytical model
confirmed by simulations. The shift and width of the spe
trum of the scattered radiation are obtained and attribute
the laser pulse parameters. At high laser pulse intensities
spectrum is shown to be dominated not only by the mo
ment of the critical density surface, which was obtained e
lier @1#, but also by the generation of nonlinear density o
cillations in the plasma.

A. Collision particle-in-cell method

We apply a collisional particle-in-cell PIC method
simulate the interaction of a plasma layer with an inten
ultrashort laser pulse. The method is based on the collisio
electromagnetic PIC and is appropriate for the analysis of
dynamics of overdense plasmas created by an arbitrary
larized, obliquely incident pulse laser. The method empl
the Langevin equation to account for elastic collisions a
non-local-thermodynamic-equilibrium average ion model
plasma ionization including the ionization due to the laser
well as plasma field. The details of the method can be fo
in Ref. @11#. The 1–2/2D~where D stands for dimension!
relativistic electromagnetic, multicomponentPIC code with a
1063-651X/2002/66~3!/036405~8!/$20.00 66 0364
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square-law current and charge weighting is used to calcu
the interaction of an intense obliquely incident pulse la
with an overdense plasma. Collisions are computed as
effective force after calculation of the velocity and positio
of CP. The calculation with movable ions is carried out f
plasmas with a variable initial density profile. In the prese
work, to exclude the effect of ionization, we fix the io
chargeZ510. Simulations are performed at wavelengths
1 mm for laser intensityI>1016 W/cm2. The laser intensity
is kept constant during the pulse duration. The incident an
of the pulse is 0°. The time step is set to 0.03/vp

0, wherevp
0

is the initial plasma frequency. The number of CPs is
3104 per 1mm of the plasma. The thickness of the plasm
layer varies from 1 to several micrometers.

B. Analytical model

1. Basic equations of analytical model

To formulate the general dependences of the conside
processes and understand the simulation results we de
oped the analytical model. We consider a linearly polariz
laser wave that propagates in the opposite direction to thz
axis and interacts with an overdense plasma layer, in hyd
dynamic approximation. The law of conservation of electr
transverse canonical momentum allows us to reduce the
tem of hydrodynamic equations of electron motion and Ma
well equations to two nonlinear differential equations for li
early polarized electromagnetic wave vector poten
Ax(z;t) and longitudinal electric fieldEz(z;t) in the plasma
@6#. We average over plasma oscillation period these eq
tions and use the approximation of quasineutrality. Then,
the amplitude of vector potential the next equation follow

S ]2

]j2 12i
ds

Vp

]

]t
1

1

Vp
2DA5S h1

]2

]j2 A11A2D A

A11A2
.

~1!

With Eq. ~1!, we can formulate equations of motion for th
ionic component,

]h

]t
1

]

]j
~hm!50,
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]m

]t
1m

]m

]j
1

]

]j
ln h5dT

22 ]A11A2

]j
. ~2!

In Eq. ~1! and~2!, the following dimensionless variables a
used: j5(vp /c)z, t5dscpt. Here cs5AZTc /M , ds
5cs /c, eAx(j,t)/mc25A(j,t)exp(2itv0 /vp), v0-laser
frequency,E(j,t)5eEz /mcvp ; dT5vTec; vTe is electron
thermal velocity; vp5(4pZni0e2/m)1/2 being electron
plasma frequency,Vp5vp /v0 , h(j,t)5ni(j,t)/ni0 being
dimensionless profile of ion density in the plasma,ni0 is
maximal ion density inside overdense plasma,m(j,t)
5v i /cs is dimensionless ion velocity. In the used appro
mation of quasineutrality the fieldEz is connected withAx
by the equation@6#,

E5
]

]j
A11A21dT

2 ]

]j
ln h.

2. Model plasma parameters

If the laser pulsetL is shorter thanl s /cs ~where l s
5c/vp is length of the skin layer!, the pressure of the lase
field is equivalent to the instantaneous shock on the plas
In this case A(j,t);A(j)d(t/tL), and then vut50

'tL /dT
2A11A2/,s , where tL5dsvptL . For a homoge-

neous system~2!, the solution of a problem involving suc
instantaneous shock is explained by an example in Ref.@8#.

Any analytical solution of Eqs.~1! and ~2! is difficult.
However with the help of the second part of Eq.~2!, it is
possible to estimate the velocity of the shock wave front.
this purpose we can neglect the term containing plasma p
sure for high laser intensity. Also, we assume that the la
field momentum flow is completely converted to ion mome
tum flow ~by means of fast electrons!, then from Eq.~2!, we
obtain the ion velocity behind the shock wave front,

m'~2dT
22A11A2!0.5. ~3!

For example, for laser intensityI L5531018 W/cm2 the ion
velocity is v i'0.03c. We should emphasize that expressi
~3! approximates ion velocity near a position of critical ele
tron densityne5ncr , where the ponderomotive pressure
applied. If we want to estimate the velocity inside overden
plasma, the law of conservation of momentum produce
factor ncr /Zni inside parenthesis in Eq.~3! ~see also Ref.
@9#!.

An approximate analytical solution~2! is possible for la-
ser fields of small intensities (A,1). In this case, the shoc
wave is feeble and the perturbation theory can be applied
solving Eq.~2!. We substituteh5hp1dh and expand Eq.
~2! into a series indh, wherehp does not depend onA. For
the first-order perturbation theory, we obtain the sound eq
tion for dh. For the second order the density perturbationdh
is described by KdW equation in Ref.@10#,
03640
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]dh

]t
1

]dh

]j
1dh

]dh

]j
1b

]3dh

]j3

1
a

p
PE

2`

1` ]dh

]j8

dj8

~j2j8!
5

1

4dT
2

]A2

]j
, ~4!

where

b50.5dT
2Vp ,a5Apm

8M
Qp .

Here we consider only the sound wave that propagates in
a dense plasma not outside~see Fig. 1!. For Al plasma and
actual experimental data we substitutevp /v0510, vTe/c
50.1, thenb50.05 anda50.03. The term that contains a
integral describes damping of nonlinear ion-sound osci
tions and the term containing parameterb describes disper-
sion of ion sound. In chosen units, equation for ion hyd
dynamics velocitym coincides with Eq.~4!.

Equation~4! is valid for dh,1, therefore we can use th
expansion inA in Eq. ~1! also. Then we get the equation fo
A,

FIG. 1. Spatial distribution of ion density~a! and velocity~b!, in
plasma after 200 fs irradiation by the laser pulse withl
51016 W/cm2, l051 mm with initial density scale lengthL/l0

56 in the vicinity of the critical density;~c! the time-integrated
spectral intensity of backward scattered laser light
5-2
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S ]2

]j2 12i
ds

Vp

]

]t
1

1

Vp
221DA5S dh2

A2

2
1

]2

]j2

A2

2 DA.

~5!

To determine the boundary conditions, we integrate
~4! over j at the right-hand boundary of plasma

dh1
~dh!2

2
1b

]2dh

]j2 U
j50

50.25dT
22A2~j50,t!. ~6!

At the left boundary we set boundary conditions for the fun
tion and derivative to zero. The initial conditions also we p
asdhu t5050

The restriction on the laser wave amplitude in plasma,
which the perturbation of ion density in Eq.~2! remains
weak, is as follows:uAu<2dT . This condition is valid for
I L<1017 W/cm2 in plasma with steep density gradient.

The numerical solution of Eqs.~4! and~5! in such plasma
has shown that, upon action of the laser pulse on plas
there is a shock front followed by the oscillation of densi
These oscillations transform into nonlinear structures~such
as solitons! as laser intensity increases.

C. Analysis of moderate intensity laser pulse reflection
from plasma

With density gradient decrease, one cannot neglect eff
of preplasma with the acoustic waves generated. Acco
ingly, the right-hand side of Eq.~4! cannot be reduced to th
boundary condition~6! now. An analytical estimation for
such a case is possible via linearization of Eqs.~4! and ~5!
for low laser intensities<1016 W/cm2. To analyze laser
pulse reflection from such structures we consider first
model plasma density profilehp(j,t) created by the
prepulse as

hp~j,t!5H 0, j.jp5mpt1j0

j0h0p /~jp2jc!, jp.j.jc

1, j,jc5mct .

~7!

Here the reflected plasma surface moves with thermal ve
ity mcr and the plasma boundary moves in the direction
posite to the laser wave at velocitymp . The preplasma ha
densityh0p and lengthj0 , where (mp2mc)tL,j0 . Veloci-
ties, 1>mp@mc , are determined by the laser prepulse. P
dermotive pressure cannot change the direction ofmc here.

A linear analysis of sound and electromagnetic equati
@5# shows that there are incident,A0(j,t)5A0 sin(x(j
2na t)), sound,dh, and scattered,A1 , interacting waves and
the frequency of the sound and scattered waves can be
termined from the usual conservation laws,

vs52vs0x,
~8!

v15v0H 12@2~12mp!2mc#
vs0

v0
xJ .
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Here x5A1/Vp
22h0p, vs05cs / l s , l s5c/vp0 . From Eq.

~8! we see that the spectral line of the reflected wave
shifted by the ion-sound frequency and if we take into a
count the preplasma length it is broadened asc/x j0 . The
shifted line amplitude is aboutA0dh/hp!1, whereA0 is the
laser pulse amplitude. The higher sound harmonics are g
erated in the next orders of perturbation theory and the h
monic amplitude decreases with the order of the harmon
According to Eq.~8!, the sound wavelength equals half
laser wavelength. We should note that the linearized equa
for sound waves can be easily solved. For plasma with lin
density profile, which is used for numerical simulation, t
vector potential has the following form:A(j,t)'A0Ai @(j
2mct) l 21/3#, where Ai(x) is Airy function, l 5L/ l s , L is the
plasma density scale length.

A particular solution of the equation has the asympto
form as following:

dh'haA0
2@~j2mct!l 21/3#21/2sin@4~j2mct!3/2/3l 1/2#,

j@mct,

dh'hbA0
2@~j2mct!l 21/3#21/2

3exp@24~j2mct!3/2/3l 1/2#, j!mct.
~9!

At the right-hand side of the critical point, sound oscillatio
are harmonical with decreasing wavelength while at the l
hand side the oscillations exponentially decay.

To verify the analytical estimation, we perform the n
merical simulation for the generation of sound waves in
plasma corona with the density profile given in Fig. 1~a! for
the laser intensity 1016 W/cm2.

As seen in Fig. 1~b!, the wavelength of sound near at th
plasma-vacuum boundary is'0.5 mm, a half of laser wave-
length @see, Eqs.~8! and ~9!#. In Fig. 1~b!, one can observe
an increase of the sound wavelength at the critical point
the wave decay at the left side of critical point, which agr
well with the solution of Eq.~9! @see subframe of Fig. 1~b!#.

We note that most peaks of velocity at the left and rig
sides in Fig. 1~b! correspond to ions leaving the plasma u
der the action of the bipolar field produced by hot electro

The spectrum of reflected light is given in Fig. 1~c!. The
sound speed is equal tocs;3 1024c (Te;200 eV, Al tar-
get!, thusvs /v0;2cc /c;631024. Therefore, the redshif
in the spectrum could beDv/v0'1023 for the laser inten-
sity 1016 W/cm2 that agrees with the shift of the central pe
in Fig. 1~c!. Since this shift is rather small, the spectral effe
originating from the short duration~here tL5200 fs) of the
laser pulse becomes important leading the modulation w
typical perioddvL'p/tL and spectral line broadening. Thu
for the laser intensities considered, the modulation and sp
tral width are dominated by finite pulse length rather than
the generation of acoustic wave, provoking relatively sm
red spectral shift.

The dispersion term of Eq.~4! is essential for high plasma
temperature. As shown in Ref.@10#, a solution of Eq.~4! in
this case is expressed through Airy function
5-3
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dh~j,t!5dh0Ai S j1~12mp!t

~3bt!1/3 D , ~10!

wheredh0;A0
2. Such density profile, containing downwa

peaks, is qualitatively similar to the picture of calculat
wave distribution. For the analysis of the spectrum of sc
tered radiation we use the perturbation theory of Eqs.~4! and
~5!, takingdh from Eq. ~9! andA we take as standing wave
A(j,t)5A0 sin@x(j2mc t)#, then for the scattered wave ve
tor potential, we obtain the next formula,

A1~j,t!52E
2`

t

dt8E
nor

`

dj8G~j,j8;t,t8!

3dh~j8,t8!A~j8,t8!,

where the Green function is

G~j,j8;t,t8!5A ds

2p iVp~t2t8! S exp
iVp~t2t8!x2

2ds
D

3S exp
ids~j2mct2j81mct8!2

2Vp~t2t8!

2exp
ids~j1j82mct2mct8!2

2Vp~t2t8! D .

We do Fourier transformation ofA1 to detect the spectrum o
reflected radiation. As a result, the Fourier component of
vector potential of scattered radiation for largej becomes

Â~j,V!'Â0dh0 exp~ ixj!b21/3

3@3bx31x$2~12mp!1mc%2V#24/3.

Here V5Dv/vs05(v12v0)/vs0 . The maximum of the
spectrumv1 max is shifted to the ‘‘red’’ side from laser fre
quency by a distanceDv, broadened, and its amplitude d
creases with;v1

24/3. For the shift we have the following
expression:

Dv'2vs0@3bx31x$2~12mp!1mc%#. ~11!

Here Dv/v0;cs /c;1023. Near to the spectrum peak ou
description is inapplicable, but the wings of the spectrum
described correctly. By comparing Eqs.~8! and ~11! we see
that sound dispersion gives an additional shift of the reflec
spectrum.

Now we consider some nonlinear solutions of Eqs.~4!
and~5!, which can be obtained for higher laser intensity. T
range of laser intensities, where nonlinearity becomes im
tant but still is small, isI 541016 W/cm2 for the plasma with
a smooth boundary andI 51017 W/cm2 for the plasma with a
steep density gradient.

Analytical solutions of Eq.~4! are derivable for plasma
with steep density gradient, with the skin length bei
smaller than the free path of an acoustic wave. In this c
the right-hand side of Eq.~4! can be substituted by th
boundary condition~6!. Then we can apply the fact that th
nonlinear and dispersion terms in Eq.~4! are small and sub
03640
t-

e

e

d

r-

e,

stitute the derivative]/]j by ]/]t. Neglecting by decay, Eq
~4! transforms to the standard KdV equation with the boun
ary condition given by Eq.~6! without nonlinearity. This
equation can be already solved by the ‘‘inverse scatteri
method@10#. Qualitatively such a solution is a sound wav
with increasing wavelength and amplitude, which breaks i
narrow and tall solitons appearing with a decreasing am
tude. The amplitudes and velocities of these solitons are
termined by the discrete spectrum of an effective potenti

For short laser pulses (tL,500 fs) when characteristic ion
time much exceeds the pulse duration, the soliton solu
can be derived in an analytical form via applyingd-function
approximation for the laser pulse shape,

dhuj505
mc2

4Tc
^A2~j50!&d~t/t i !. ~12!

A discrete spectrum of the Schro¨dinger equation for the ef-
fective potential~profile! ~12! consists of only one value,k
5mc2t i /24bTe^A

2(j50)& and the corresponding solito
solution is as follows:

dh~j,t!52k ch22$Ak/12@j1t~11k/3!1j0#%. ~13!

A similar structure obtained in the simulation is shown
Fig. 2.

For the analysis of the spectrum of scattered radiation
use the perturbation theory equation~5! in the case of sharp
gradient, wheredh has been from Eq.~13! and hop51,
A0(j,t)'(A0,in /Vp)exp(j2mc t).
For the solution through the Green function we have
following expression:

A1~j,t!52E
2`

t

dt8E
2`

na t

dj8G~j,j8;t,t8!

3dh~j8,t8!A0~j8,t8!. ~14!

FIG. 2. Spatial distribution of ion velocity in plasma after 200
irradiation by the laser pulse withI 51017 W/cm2, l051 mm with
initial density scale lengthL/l050.5 in the vicinity of the critical
density.
5-4
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FIG. 3. Spatial distribution of ion density~a!,
~c! and velocity ~b!, ~d! in plasma after 200 fs
irradiation by the laser pulse withI 55
31018 W/cm2, l051 mm with different initial
density scale lengthL5@d ln(N)/dz#21 in the vi-
cinity of the critical density.
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We do Fourier transformation of Eq.~14! to detect the spec
trum of reflected radiation. As a result the Fourier compon
of the vector potential of scattered radiation for largej be-
comes

Â1~j,V!'
A0,n

Vp
exp~ ixj!

3
6p~V2xmc!

ksh@p~V2xmc!/2Ak/12~11k/3!#
.

Thus, these estimations show that even a relatively low n
linearity of sound waves with an increase of laser intens
provokes broadening in the spectrum of reflected lig
which is ;vpdgk1/2.

D. Analysis of high intensity laser pulse reflection from
overdense plasma cavity

The theory of spectrum of the backward reflected sig
presented above is applicable to plasmas irradiated by a
pulse with intensity below 1017 W/cm2 because it uses th
perturbation series to solve the set of hydrodynamic eq
tions. However, for higher laser pulse intensity, ov
1018 W/cm2, which is more interesting at present, hydrod
namic equations cannot be reduced to the KdW equation.
cannot get a rigorous analytical solution of Eq.~4! either.
Instead, we perform numerical simulation of the reflecti
process with the described 1DPIC code. To explain results
obtained from the calculation, we are using the hydro
namic equations again for the estimation of the order of m
nitude of the plasma parameters and for their compari
03640
t

n-
y
t,

l
ser

a-
r

e

-
-
n

with the numerical ones. For that, we use the plasma den
profile hp(j,t) in the form close to Eq.~7!,

hp~j,t!55
0, j.jp

hc2~hc2hp0!
j2jc

jp2jc
, jp.j.jc

12~12hc!
j2ja

jc2ja
, jc.j.ja

1, j,ja ,

~15!

wherejp(t) is the position where the plasma density sta
growing from the valueh0p , jc(t) is the position in the
vicinity of the critical density,ja(t) is the position of the
ablation front,hc5ncr /Zni0 . Such a form of the density pro
file agrees qualitatively with the result of numerical simu
tion given in Fig. 3~a!.

One can see in the figures that the change in the den
profile dh/h at high laser intensity is about a factor of 2–
the case for a strong shock wave. The shock wave velo
exceeds the sound velocity by one order of magnitude.
character of shock wave motion also distinguishes it fr
that for the case of weaker laser fields. In the vicinity
critical density due to ponderomotive force, the density p
file becomes steeper and this density cliff moves into
plasma bulk~during the main part of the laser pulse! with
approximately constant speed~see figures!. Plasma expan-
sion into vacuum runs supersonically at accelerationg
;1021 cm/s2. The source of this acceleration is the stro
bipolar field produced by energetic electrons leaving
5-5
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plasma. This field drives ions towards the plasma bound
At the sharp boundary, the magnitude of this field is maxim
and, hence, the expansion velocity is the largest. One can
this by comparing the velocity at the smooth and sh
boundaries given in Figs. 3~a! and 3~c!.

It is also apparent that the velocity in the vicinity of th
critical density in a plasma with sharp boundary is mu
smaller~;5 times! than that in a plasma with smooth boun
ary, as seen in Fig. 3. This fact is essential for understand
the behavior of the reflected laser light. Besides, the per
bation of plasma density in the bulk in longer time~500 fs!
transforms to a set of solitary waves with descending am
tudes. This agrees qualitatively with the theory of the Kd
equation. Following the results of the calculation as given
Fig. 3, we choose an approximation for the coordinatesjp(t)
andjc(t) defined in Eq.~15! in the following form:

jp~t!5mpt1
gt2

2
,

jc~t!52mct, ~16!

whereg, mp are the acceleration and velocity of expandi
plasma,mc is the velocity in the vicinity of the critical den
sity. These parameters can be estimated directly from
hydrodynamics equation, from the ion and electron mom
tum flow conservation given by Eq.~3!. Then in chosen units
of time and coordinate, we get

mp5S 2Zmec
2nh

Ãmpcs
2ncr

A11A0
2D 0.5

,

mc5S 2Zmec
2ncr

Ãmpcs
2ni

A11A0
2D 0.5

, ~17!

g5
Zmec

3

Ãmpcs
2l svp

A11A0
2,

wherenh is the density of hot electrons emitted to vacuu
We should note that the acceleration in the vicinity of critic
density exists, especially at the beginning of the proce
However, this acceleration is much less than that of the la
at the plasma surface. In Eq.~16!, we keep the largest acce
eration only.

Estimation Eq.~17! of ion velocity is confirmed by our
PIC simulations. One can see in Fig. 3 that numerical sim
lation gives the magnitude of the shock front velocity asvc
'0.014c ~time 200 fs!. The estimation based on Eqs.~17!
agrees well with these numerical results atncr;Zni .

For a sharp boundary~steep density gradient!, the quan-
tity ncr /Zni!1 and the velocitymc , according to Eq.~17!,
decreases. The acceleration of the plasma boundary fol
Eq. ~17! as well, though we have to accept that this acc
eration is not constant during the laser pulse and chan
notably. Thus, the estimation of the spectrum width and s
can be obtained only as an order of magnitude.
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For estimation of the reflected light spectrum, we app
the following simple model. The laser wave is reflected p
tially already from the underdense plasma layer~according
to the Fresnel formula, its reflectivity is proportional
plasma density in the layer!, then a certain portion of the
radiation is absorbed, while most of the radiation is reflec
in the vicinity of critical density. The motion of the unde
dense layer with velocitymp leads to a blue Doppler shift o
reflected lightDvb5v12v0 ~FS!,

Dvb

v0
5dsmp . ~18!

In contrast, the motion in the vicinity of critical density lead
to a red Doppler shiftDv r5v12v0(FS):

Dv r

v0
52dsmcA12hpVp

2. ~19!

The ratio of amplitudes of the red and blue parts of the sp
trum is apparently determined by the ratio of correspond
coefficients of refraction, from the underdense layer a
from the critical surface. The broadening of the backwa
reflected laser light is driven by the acceleration of the
flecting surface as a whole. The model shows the spec
width to be proportional to the square root of the product
the wave vector and acceleration. Hence, the linewidthdv
@full width at half maximum~FWHM!# is given by following
equation:

dv

v0
5~A12hpVp

2Vpg!1/2. ~20!

The full spectrum of the backward reflected laser light
given in Fig. 4 for various laser intensities and plasma d
sity gradients. The spectrum changes with plasma and l
parameters depending on the change in the character o
plasma motion. Since an increase in the laser intensity g
an increase in the plasma velocity and acceleration@see Eqs.
~18!–~20!#, the shift and width increase consequently as s
in Fig. 4. An increase in the density gradient~a decrease in
the density gradient scale length! leads to a decrease in th
velocity of the critical surface and to an increase of plas
expansion velocity. As a result, the redshift decreases and
spectrum moves to the blue side. Plasma density in the
derdense layer in plasma with a sharp boundary is larger
that of plasma with a smooth boundary; the weight of blu
shifted radiation in this plasma goes up as seen in Fig
According to results presented in Fig. 4, we can ident
plasmas with steep density gradient~density gradient scale
length L less than laser wavelengthl0). For such plasmas
there is no red-shifted maximum in the backward scatte
laser light in the range of its intensity 1018– 1019 W/cm2. The
dependence of the shift~FS! and width~FWHM! of scattered
laser light on the laser intensity and density gradient
shown in Figs. 5 and 6. These results agree fairly well w
analytical formulas of Eqs.~17!, ~19!, and ~20!. First, we
check the dependence on the laser intensity. According
Eqs. ~17!, ~19!, and ~20! with ncr;A11A2, one can derive
5-6
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SCATTERED LIGHT DIAGNOSTICS OF OVERDENSE . . . PHYSICAL REVIEW E 66, 036405 ~2002!
this dependence for the shift~FS! Dv r /v0;A;AI , and for
the width ~FWHM!, dv/v0;A1/2;I 1/4.

As seen in Figs. 5 and 6, the shift FWHM is upwar

FIG. 4. The time-integrated spectral intensity of backward sc
tered laser light aftert5400 fs: I 51019 W/cm2, L/l053 ~a!;
L/l051 ~b!; I 5231018 W/cm2, L/l053 ~c!; L/l051 ~d!.
03640
convex indeed. The agreement of calculated and simula
quantities is good as well. At the velocitiesvc;0.014c, vp

;0.03c, the shift from Eq.~19! is about 0.02 of the lase
frequency that is very near to the calculated value. The a
lytically derived width is larger than the shift in the facto
(4vp/3v0)1/2 that also agrees well with the simulation r
sults. Since the plasma is overdense, the FWHM curve
above the FS curve. The dependence of the shift and w
on the density gradient presented in Fig. 6 also is in acc
dance with the estimation of Eqs.~17!, ~19!, and ~20!. The
steeper that density gradient is, the weaker the laser fi
penetrating the plasma@valuencr /Zni in Eq. ~17! is smaller
for stepper gradients#. Consequently, the velocity of the criti
cal surface and, hence, the shift of spectrum to red w
becomes less. The broadening corresponding to the acce
tion of underdense layer depends on the laser intensity b
weaker than that of small density gradients because a
crease in the laser field at the plasma surface is compens
partially by a growth in the bipolar field, which accelerat
ions.

Thus, via experimentally measured shift and width
spectrum of the backward scattered laser light, one can
mate the velocity and acceleration of a plasma and also
scale length of plasma inhomogeneity and the effect of
laser prepulse.

t-

FIG. 5. Dependence of time-integrated spectral width~FWHM!
and shift ~FS! on the pulse intensity atL/l053 after t5400 fs.
Simulation curves 1,3; analytical curves 2,4.

FIG. 6. Dependence of time-integrated spectral width~FWHM!
and shift~FS! on the pulse intensity on the density gradient in t
vicinity of critical density, L5@d ln(N)/dz#21 at Ne5Ncr , after t
5400 fs, I 51019 W/cm2. Simulation curves 1,3; analytical curve
2,4.
5-7
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CONCLUSIONS

This theoretical analysis of short high power laser pu
reflection from overdense plasmas resulted in the follow
conclusions.

~1! Ponderomotive pressure of laser light near criti
density produces a shock wave that propagates deeply
plasma. This process changes the profile of plasma den
and creates two areas: transparent underdense plasm
above-critical dense plasma. The critical density surf
separating these areas moves with supersonic speed d
into the plasma along with the front of the shock wave
ultrahigh laser intensity. In undercritical and above-critic
areas intense nonlinear plasma density waves are gener
In the transparent area the degree of nonlinearity is hig
due to higher field amplitude.

~2! The indicated processes affect the spectrum of s
tered radiation in the following way:

~i! At low laser intensity, they are ambipolar plasma e
pansion and ion sound harmonic generation in underde
plasma. In this case there is a small redshift of the maxim
in the scattered light spectrum.

~ii ! At high laser intensity, the critical surface moveme
produces red Doppler frequency shift of scattered light, a
the plasma expansion produces a blueshift. The result o
interference of these two processes depends on the pla
03640
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density gradient: these shifts may compensate each oth
steep density gradient (L,l0) plasmas while in long density
gradient plasmas (L.l0) the redshift is dominant.

~iii ! At low laser intensity, nonlinear ion sound in an u
derdense plasma produces harmonics in the spectrum o
scattered radiation that dominate spectrum width. Ion-so
dispersion at high plasma temperature produces a small
shift also. At high laser intensity, the spectrum width is d
termined by the acceleration of the underdense plasma la

~3! Low frequency modulation of scattered light spectru
and additional spectral width is produced by finite durati
of a laser pulse.

~4! The measurements of the spectrum shift of reflec
radiation thus allow us to determine the speed and acce
tion of critical surface and underdense layer, and therefor
determine the plasma gradient.

~5! The absence of the redshift in the maximum of t
spectrum forI .1018 W/cm22 displays the steep density gra
dient in plasmas and the negligible effect of the las
prepulse. This fact may be useful in the diagnostics of pu
contrast ratio of intense lasers.
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