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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 square-law current and charge weighting is used to calculate
the interaction of an intense obliquely incident pulse laser
Measurement of the spectrum of scattered laser radiatiowith an overdense plasma. Collisions are computed as an
is an important method for the investigation of dense laseeffective force after calculation of the velocity and position
plasmas[1,2]. This method can be particularly useful for of CP. The calculation with movable ions is carried out for
studying the plasma corona produced by the laser prepulggasmas with a variable initial density profile. In the present
that inevitably precedes an intense short laser pil@s4.  work, to exclude the effect of ionization, we fix the ion
However, to reconstruct plasma parameters from results afhargeZ=10. Simulations are performed at wavelengths of
spectral measurements, one has, at first, to find the exattum for laser intensity =10 W/cn?. The laser intensity
connection between these parameters and the spectrum. \igekept constant during the pulse duration. The incident angle
have attempted to do this in our earlier papEs$]. In a  of the pulse is 0°. The time step is set to O(Og’;/wherewg
recent papef7], the phase of the reflected wave has beeris the initial plasma frequency. The number of CPs is 5
found by numerical simulation. In the present paper we study< 10* per 1 um of the plasma. The thickness of the plasma
the dynamics of plasma in strong laser fields via numericalayer varies from 1 to several micrometers.
simulation and analytical modeling.

~ We consider slow ion plasma movements only, and their B. Analytical model
influence on the reflected wave spectrum. In such case from ' . .
low ion velocities, the shift of scattered wave frequency and 1. Basic equations of analytical model

spectrum width are small compared to the laser frequency. To formulate the general dependences of the considered
The structure of nonlinear plasma density oscillations isprocesses and understand the simulation results we devel-
evaluated on the basis of our developed analytical model angped the analytical model. We consider a linearly polarized
confirmed by simulations. The shift and width of the spec-|aser wave that propagates in the opposite direction tathe
trum of the scattered radiation are obtained and attributed t@xis and interacts with an overdense p|a3ma |ayer, in hydro_
the laser pulse parameters. At high laser pulse intensities, th/namic approximation. The law of conservation of electron
spectrum is shown to be dominated not only by the movetransverse canonical momentum allows us to reduce the sys-
ment of the critical density surface, which was obtained ealtem of hydrodynamic equations of electron motion and Max-
lier [1], but also by the generation of nonlinear density os-well equations to two nonlinear differential equations for lin-
cillations in the plasma. early polarized electromagnetic wave vector potential
A,(z;t) and longitudinal electric fieldE,(z;t) in the plasma

[6]. We average over plasma oscillation period these equa-
tions and use the approximation of quasineutrality. Then, for

~We apply a collisional particle-in-cell PIC method t0 the amplitude of vector potential the next equation follows:
simulate the interaction of a plasma layer with an intense

A. Collision particle-in-cell method

ultrashort laser pulse. The method is based on the collisional ; .2 5. 9 52 A
electromagnetic PIC and is appropriate for the analysis of the | — + 2i =4 —|A=| n+— \/1+A2) -
dynamics of overdense plasmas created by an arbitrary po- Qp a7 Qp 43 VI+A

larized, obliquely incident pulse laser. The method employs (1)
the Langevin equation to account for elastic collisions and ) .
non-local-thermodynamic-equilibrium average ion model forWith Eq. (1), we can formulate equations of motion for the
plasma ionization including the ionization due to the laser adoNIC component,

well as plasma field. The details of the method can be found

in Ref. [11]. The 1-2/2D(where D stands for dimensibn on ., i( =0

relativistic electromagnetic, multicomponent code with a it o9& Kl '
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In Eqg. (1) and(2), the following dimensionless variables are T

used: é=(w,/C)z, 7=0dsht. Here cs=+ZT /M, & “r W;:';;ﬁ;
=cslc, eA(£,7)ImE=A(£,7)exp(-itwglw,), wo-laser @ 4 %
frequency,E(g )=eE,/mcw,; St=vC; v iS electron Fostion ml
thermal velocity; w,=(47Znxe’/m)*? being electron Bx10
plasma frequency),=w,/wq, 7(&,7)=n;(£, 7)/n;o being
dimensionless profile of ion density in the plasnmg is
maximal ion density inside overdense plasma(é¢,r)
=v;/cg is dimensionless ion velocity. In the used approxi-
mation of quasineutrality the fiel&t, is connected withA,

by the equatiorj6],

T v T v T
I=10"% w/em? 7|
ax10*

-4x10*

-8x10™* N 1 M 1 M 1 2 1 M
5 10 15 20 25

(b) Position[ um]

lon Velocity [units of Light Speed]
o

d
= 5—5\/1+A2+ 22 1n 7.

Tag

2. Model plasma parameters

If the laser pulset, is shorter thanlg/cs (where I
=cl/w, is length of the skin layey the pressure of the laser
field is equivalent to the instantaneous shock on the plasma.
In this case A(&,7)~A(€)4S(r/7), and then v|,—g
~ 1 1851+ A%I{s, where 7 =d.wpt,. For a homoge- WA TR
neous systeni2), the solution of a problem involving such (@1 oo o o 010
instantaneous shock is explained by an example in [B&f.

Any analytical solution of Egs(1) and (2) is difficult. FIG. 1. Spatial distribution of ion density) and velocity(b), in
However with the help of the second part of E8), it is plasrr;a after 200 fs irradiation by the laser pulse with
possible to estimate the velocity of the shock wave front. For~ 10° W/CI, \o=1um with initial density scale lengti./\
this purpose we can neglect the term containing plasma pres: =6 in the vicinity of the critical density(c) the time-integrated
sure for high laser intensity. Also, we assume that the lasetPectral intensity of backward scattered laser light
field momentum flow is completely converted to ion momen-

tum flow (by means of fast electronghen from Eq.(2), we 3 (?577+ 3577+ 5 dén +ﬁ53571
obtain the ion velocity behind the shock wave front, ar & K & 9g
+“pf+”5’7 d¢’ 1 9A® .
p~ (267 T+ A2)0 3 7)o o) e W
where

For example, for laser intensity =5x 10 W/cn? the ion
velocity isv;~0.0%&. We should emphasize that expression
(3) approximates ion velocity near a position of critical elec- B=0. 5520 = [mm
tron densityn.=n, where the ponderomotive pressure is 8M <P
applied. If we want to estimate the velocity inside overdense
plasma, the law of conservation of momentum produces &ere we consider only the sound wave that propagates inside
factor n./Zn; inside parenthesis in Ed3) (see also Ref. a dense plasma not outsi¢ieee Fig. 1L For Al plasma and
[9)]). actual experimental data we substitutg/wo=10, vr/c

An approximate analytical solutiof2) is possible for la- =0.1, thenB=0.05 anda=0.03. The term that contains an
ser fields of small intensitiesA<1). In this case, the shock integral describes damping of nonlinear ion-sound oscilla-
wave is feeble and the perturbation theory can be applied faions and the term containing paramefedescribes disper-
solving Eq.(2). We substitutenp= 7,+ 67 and expand Eq. sion of ion sound. In chosen units, equation for ion hydro-
(2) into a series iy, wheren, does not depend oA. For  dynamics velocityu coincides with Eq(4).
the first-order perturbation theory, we obtain the sound equa- Equation(4) is valid for §7<1, therefore we can use the
tion for 67. For the second order the density perturbatdan expansion imA in Eq. (1) also. Then we get the equation for
is described by KdW equation in R€fL0], A
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#? S0 1 B A% 5% A2 Here X=\/1/92p— Nop: wso=Cs/ls, 1s=Clwyy. From Eq.
EZ’LZ' Q_ﬁ_T+Q_2_1 A= 57/_7+£27 A. (8) we see that the spectral line of the reflected wave is
P P (5) shifted by the ion-sound frequency and if we take into ac-

count the preplasma length it is broadenedchg &,. The
shifted line amplitude is abow, 57/ 7,<1, whereA, is the
laser pulse amplitude. The higher sound harmonics are gen-
erated in the next orders of perturbation theory and the har-
monic amplitude decreases with the order of the harmonics.
=O.255{2A2(§=0,7). (6) According to Eq.(8), the sound Wavelength quals half of
laser wavelength. We should note that the linearized equation
for sound waves can be easily solved. For plasma with linear

At the left boundary we set boundary conditions for the func-density profile, which is used for numerical simulation, the
tion and derivative to zero. The initial conditions also we putvector potential has the following formA(&,7) ~AoAi[ (£

To determine the boundary conditions, we integrate Eq
(4) over ¢ at the right-hand boundary of plasma

(6m)? %8y
2 B

on+
£=0

as d7),_o=0 — uem)l 3], where Aix) is Airy function, | =L/l, L is the
The restriction on the laser wave amplitude in plasma, folPlasma density scale length. _ .
which the perturbation of ion density in Eq2) remains A particular solution of the equation has the asymptotic

weak, is as followsjA|<28;. This condition is valid for ~form as following:
I <10 Wicn? in plasma with steep density gradient.

The numerical solution of Eq$4) and(5) in such plasma - 2r e —1/31-1/2 & _ 3129 1/
has shown that, upon action of the laser pulse on plasma, S naAgl (£ per)l TSN A(E - per) 3,

there is a shock front followed by the oscillation of density. E> T,
These oscillations transform into nonlinear structuigsch
as solitong as laser intensity increases. Sn~ pA (§— per) ~ 13712
Xexd —4(é— w32, E<p,r.
C. Analysis of moderate intensity laser pulse reflection (€)
from plasma

With density gradient decrease, one cannot neglect effecit the right-hand side of the critical point, sound oscillations
of preplasma with the acoustic waves generated. Accordare harmonical with decreasing wavelength while at the left-
ingly, the right-hand side of Ed4) cannot be reduced to the hand side the oscillations exponentially decay.
boundary condition(6) now. An analytical estimation for To verify the analytical estimation, we perform the nu-
such a case is possible via linearization of E¢s.and (5) merical simulation for the generation of sound waves in the
for low laser intensities<10'® W/cn?. To analyze laser plasma corona with the density profile given in Figa)lfor
pulse reflection from such structures we consider first théhe laser intensity 6 W/cn?.

model plasma density profilen,(£,7) created by the As seen in Fig. (b), the wavelength of sound near at the
prepulse as plasma-vacuum boundary 0.5 um, a half of laser wave-
length[see, Egs(8) and(9)]. In Fig. 1(b), one can observe
0, E>&p=mpTt+ &0 an increase of the sound wavelength at the critical point and
_ _ the wave decay at the left side of critical point, which agree
7p(€:7) $o770p /(4= &), =it @ well with the solution of Eq(9) [see subframe of Fig.(ih)].
1, §<Ee™ MeT- We note that most peaks of velocity at the left and right

sides in Fig. 1b) correspond to ions leaving the plasma un-

Here the reflected plasma surface moves with thermal veloaer the action of the bipolar field produced by hot electrons.
ity uc and the plasma boundary moves in the direction op- The spectrum of reflected light is given in Figicl The
posite to the laser wave at velociy, . The preplasma has sound speed is equal ~3 10 *c (T,~200 eV, Al tar-
density 79, and lengthé,, where (w,— uc) 7 <&p. Veloci-  ged, thus ws/wy~2c./c~6x 10 *. Therefore, the redshift
ties, 1= u,> ., are determined by the laser prepulse. Pon4in the spectrum could bA w/wy~10"2 for the laser inten-
dermotive pressure cannot change the directiopohere.  sity 10 W/cn? that agrees with the shift of the central peak

A linear analysis of sound and electromagnetic equationgn Fig. 1(c). Since this shift is rather small, the spectral effect
[5] shows that there are incidenf\y(&,7)=Agsin(x(¢  originating from the short duratiotheret, =200 fs) of the
-, 1), sound,dn, and scatteredd;, interacting waves and laser pulse becomes important leading the modulation with
the frequency of the sound and scattered waves can be dgpical perioddw, ~ /t, and spectral line broadening. Thus

termined from the usual conservation laws, for the laser intensities considered, the modulation and spec-
tral width are dominated by finite pulse length rather than by
ws=2wgX, the generation of acoustic wave, provoking relatively small

(8) red spectral shift.
The dispersion term of E@4) is essential for high plasma
w1=wol 1—[2(1— p1p) — el @X _ temperature. As shown in RdfL0], a solution of Eq(4) in
ol this case is expressed through Airy function
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where5n0~A§. Such density profile, containing downward
peaks, is qualitatively similar to the picture of calculated
wave distribution. For the analysis of the spectrum of scat-
tered radiation we use the perturbation theory of Edjsand

(5), taking 67 from Eq. (9) andA we take as standing wave:
A(&,7)=Ag sin x(§— uc 7], then for the scattered wave vec-
tor potential, we obtain the next formula, G o103k

o
I

.
'lw—u—-touacllolli'.
s

.

lon Velocity [units of Light Speed)]
|

A== | ar | aciegine

_4x103 L 1 L L .
o o, 9 10 1 12
xon(g' A, T"), Position[ pm]
where the Green function is FIG. 2. Spatial distribution of ion velocity in plasma after 200 fs

irradiation by the laser pulse with=10" W/cn?, Ao=1 um with

G(&E:T7 )= s ex iQp( T T')XZ initial density scale length./\o=0.5 in the vicinity of the critical
£t =1/ 2y (71— 1) p 26, density.

o expl So( € pem— &'+ per’)? stitute the derivative¥/d¢ by dlor. Neglecting by decay, Eq.
2Q,(7—1") (4) transforms to the standard KdV equation with the bound-

, , o ary condition given by Eq(6) without nonlinearity. This
—expl Os(§+ & — e pet’) ) equation can be already solved by the “inverse scattering”
2Q,(7—1") method[10]. Qualitatively such a solution is a sound wave

with increasing wavelength and amplitude, which breaks into
We do Fourier transformation ﬁl to detect the Spectrum of narrow and tall solitons appearing with a decreasing amp"-
reflected radiation. As a result, the Fourier component of theude. The amplitudes and velocities of these solitons are de-
vector potential of scattered radiation for largeecomes  termined by the discrete spectrum of an effective potential.
For short laser pulse$, (<500 fs) when characteristic ion

A(£,9)~Ag8moexplixé) g3 time much exceeds the pulse duration, the soliton solution
3 B -43 can be derived in an analytical form via applyidgunction
XE3BxH+ x{2(1 = pp) F puch — ] approximation for the laser pulse shape,
Here Q=Aw/wgp=(w1— wp)/wsg. The maximum of the 2
spectrumw; max IS shifted to the “red” side from laser fre- _me 2 _
quency by a distancAw, broadened, and its amplitude de- 7l e=0 4T (A(£=0))d(rl ). (12
creases with~w; “®. For the shift we have the following
expression: A discrete spectrum of the Scluinger equation for the ef-
3 fective potential(profile) (12) consists of only one valueg
Aw=—wn[3Bx "+ x{2(1~ pp) + pct]. (1) —mr/248T(A%(£=0)) and the corresponding soliton

solution is as follows:
Here Aw/wg~cs/c~10"3. Near to the spectrum peak our

description is inapplicable, but the wings of the spectrum are

— —2
described correctly. By comparing Ed8) and (11) we see on(é,7)=—rkch™ {Vrl1Z £+ 7(1+ k/3) + &]}. (13)
that sound dispersion gives an additional shift of the reflected _ . _ o '
spectrum. A similar structure obtained in the simulation is shown in

Now we consider some nonlinear solutions of E¢s.  Fig. 2.
and(5), which can be obtained for higher laser intensity. The For the analysis of the spectrum of scattered radiation we
range of laser intensities, where nonlinearity becomes impoise the perturbation theory equati@ in the case of sharp
tant but still is small, id = 410" W/cn? for the plasma with ~ gradient, wheresn has been from Eq(13) and 7,,=1,
a smooth boundary arid= 107 W/cn? for the plasma with a  Ao(&, 7) =~ (Agjn/Qp)eXPE— pc 7).
steep density gradient. For the solution through the Green function we have the
Analytical solutions of Eq(4) are derivable for plasmas following expression:
with steep density gradient, with the skin length being

smaller than the free path of an acoustic wave. In this case, L .,

the right-hand side of Eq(4) can be substituted by the Al(g'T):_J_wdT J_wdf G(&.¢hm )
boundary conditior{6). Then we can apply the fact that the

nonlinear and dispersion terms in E¢) are small and sub- XOn(&', 7 )A(E,T). (14

036405-4



SCATTERED LIGHT DIAGNOSTICS OF OVERDENS. .. PHYSICAL REVIEW E 66, 036405 (2002

a
) 4— — T 0.04 ———— b) —
| 1=540"%/em? | | 1=5x10"® Wiem? 200fs |
2=t pm 200 fs - o
e 3 - - .
2 ;1 0.02 /
&Y 1 @ 1
5 £ W
2. 21 4 4 ooof e “p .
Z g : W’ ]
S S /
@
o4k 4  >.002fF v/ .
ol P TP s 004 s FIG. 3. Spatial distribution of ion density),
4 Po:mon[fm] 16 4 Pogmon[uml 16 (c) and velocity(b), (d) in plasma after 200 fs
H irradiation by the laser pulse withl=5
c) d) X 108 W/en?, Ao=1 um with different initial
S T T T 0.04— T T T density scale length =[d In(N)/dZ]~* in the vi-
= 2 .. .y .
N 200fs 1 L 1=51" wend 200fs 1 cinity of the critical density.
& F a=1pm —_ 2=1um
5 41 3o -
e 2r 3
5 z
= - = 0.00- -
z =
3 g
- °
8 . L .0.02f -
ol 1 I T 004 P P TR S
2 4 6 8 2 4 6 8
Position [um] Position [um]

We do Fourier transformation of E(l4) to detect the spec- with the numerical ones. For that, we use the plasma density
trum of reflected radiation. As a result the Fourier componenprofile 7,(£,7) in the form close to Eq(7),
of the vector potential of scattered radiation for lagbe-

comes ( 0, §>&p
A (¢ Q)%ﬂ]exrmxé:) ﬂc—(ﬂc—ﬁpo)g, §p>§>§c
S, o(E) = o 1s)
67(Q— xue) 1-(1- nc)ﬁ, £e>E> 6,
X :
kSH m(Q — x )2V kl12(1+ «/3)] \ 1, E<&,,

Thus, these estimations show that even a relatively low non-
linearity of sound waves with an increase of Ialser ir(]jtelr.]sri]tywhere§p(T) is the position where the plasma density starts
\?vr;])i\éﬂkgswzméa ‘j'fl[;'“g inthe spectrum of reflected lig t’growing from the valuernq,, &:(7) is the position in the

pre™ - vicinity of the critical density,&,(7) is the position of the
ablation front,n.=n/Zn,y. Such a form of the density pro-
file agrees qualitatively with the result of numerical simula-
tion given in Fig. 3a).

The theory of spectrum of the backward reflected signal One can see in the figures that the change in the density
presented above is applicable to plasmas irradiated by a lasprofile 55/7 at high laser intensity is about a factor of 2—3,
pulse with intensity below T3 W/cn? because it uses the the case for a strong shock wave. The shock wave velocity
perturbation series to solve the set of hydrodynamic equaexceeds the sound velocity by one order of magnitude. The
tions. However, for higher laser pulse intensity, overcharacter of shock wave motion also distinguishes it from
10*® W/cn?, which is more interesting at present, hydrody- that for the case of weaker laser fields. In the vicinity of
namic equations cannot be reduced to the KdW equation. Weritical density due to ponderomotive force, the density pro-
cannot get a rigorous analytical solution of Eg) either.  file becomes steeper and this density cliff moves into the
Instead, we perform numerical simulation of the reflectionplasma bulk(during the main part of the laser pulseith
process with the described 1®c code. To explain results approximately constant speddee figures Plasma expan-
obtained from the calculation, we are using the hydrodysion into vacuum runs supersonically at acceleratgn
namic equations again for the estimation of the order of mag--10?* cm/€. The source of this acceleration is the strong
nitude of the plasma parameters and for their comparisobipolar field produced by energetic electrons leaving the

D. Analysis of high intensity laser pulse reflection from
overdense plasma cavity
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plasma. This field drives ions towards the plasma boundary. For estimation of the reflected light spectrum, we apply
At the sharp boundary, the magnitude of this field is maximathe following simple model. The laser wave is reflected par-
and, hence, the expansion velocity is the largest. One can séally already from the underdense plasma lay@rcording
this by comparing the velocity at the smooth and shargo the Fresnel formula, its reflectivity is proportional to
boundaries given in Figs.(8 and Ic). plasma density in the laygrthen a certain portion of the
It is also apparent that the velocity in the vicinity of the radiation is absorbed, while most of the radiation is reflected
critical density in a plasma with sharp boundary is muchin the vicinity of critical density. The motion of the under-
smaller(~5 times than that in a plasma with smooth bound- dense layer with velocity., leads to a blue Doppler shift of
ary, as seen in Fig. 3. This fact is essential for understandingeflected lightA w,= w1 — wq (FS),
the behavior of the reflected laser light. Besides, the pertur-
bation of plasma density in the bulk in longer tir®00 f9 Awy
transforms to a set of solitary waves with descending ampli- w_o = Oshtp - (18)
tudes. This agrees qualitatively with the theory of the KdwW
equation. Following the results of the calculation as given inin contrast, the motion in the vicinity of critical density leads
Fig. 3, we choose an approximation for the coording{€s)  to a red Doppler shifA w, = w;,— wo(FS):
and &.(7) defined in Eq(15) in the following form:
Aw
L= — Sgpe\1— 7, Q2. (19)

wo

g7’
Ep(T) = ppm+ =,

The ratio of amplitudes of the red and blue parts of the spec-

E(T)=— per, (16)  trum is apparently determined by the ratio of corresponding

coefficients of refraction, from the underdense layer and

whereg, u, are the acceleration and velocity of expandingfrom the critical_ surface._ The broadening of t_he backward

plasma,z. is the velocity in the vicinity of the critical den- refle.cted laser light is driven by the acceleration of the re-

sity. These parameters can be estimated directly from thecting surface as a whole. The model shows the spectral

hydrodynamics equation, from the ion and electron momenWidth to be proportional to the square root of the product of
tum flow conservation given by E¢B). Then in chosen units the wave vector and acceleration. Hence, the linewitith

of time and coordinate, we get [full width at half maximum(FWHM)] is given by following
equation:
2Zmec?n 09
= h/ 2 ow
Mp=| ————— V1i+AG| , o _ _ 12
Am,cang, o0 (V1= 7p050,0)7 (20)
2Zmyc?n 0.5 The full spectrum of the backward reflected laser light is
M= ~—”\/1+A§ , (17) given in Fig. 4 for various laser intensities and plasma den-
Ampcini sity gradients. The spectrum changes with plasma and laser
parameters depending on the change in the character of the
Zmc? plasma motion. Since an increase in the laser intensity gives
g=———— V1+A2, an increase in the plasma velocity and accelerdtee Egs.
Ampc§I sWp (18)—(20)], the shift and width increase consequently as seen

in Fig. 4. An increase in the density gradidat decrease in

wheren,, is the density of hot electrons emitted to vacuum.the density gradient scale lengtleads to a decrease in the
We should note that the acceleration in the vicinity of critical velocity of the critical surface and to an increase of plasma
density exists, especially at the beginning of the processxpansion velocity. As a result, the redshift decreases and the
However, this acceleration is much less than that of the layespectrum moves to the blue side. Plasma density in the un-
at the plasma surface. In E@.6), we keep the largest accel- derdense layer in plasma with a sharp boundary is larger than
eration only. that of plasma with a smooth boundary; the weight of blue-

Estimation Eq.(17) of ion velocity is confirmed by our shifted radiation in this plasma goes up as seen in Fig. 4.
PIC simulations. One can see in Fig. 3 that numerical simuAccording to results presented in Fig. 4, we can identify
lation gives the magnitude of the shock front velocityvas plasmas with steep density gradigdensity gradient scale
~0.01% (time 200 f3. The estimation based on Eq47) length L less than laser wavelengity). For such plasmas,
agrees well with these numerical resultsngt-Zn; . there is no red-shifted maximum in the backward scattered

For a sharp boundarfsteep density gradientthe quan-  laser light in the range of its intensity ¥0-10'° W/cn?. The
tity n,,/Zn;<1 and the velocityu., according to Eq(17),  dependence of the shifS) and width(FWHM) of scattered
decreases. The acceleration of the plasma boundary followsser light on the laser intensity and density gradient are
Eq. (17) as well, though we have to accept that this accelshown in Figs. 5 and 6. These results agree fairly well with
eration is not constant during the laser pulse and changesalytical formulas of Eqs(17), (19), and (20). First, we
notably. Thus, the estimation of the spectrum width and shifcheck the dependence on the laser intensity. According to
can be obtained only as an order of magnitude. Egs.(17), (19), and(20) with ng,~ J1+AZ, one can derive
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Simulation curves 1,3; analytical curves 2,4.
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convex indeed. The agreement of calculated and simulated
= quantities is good as well. At the velocitieg~0.01&, v,
04 ~0.0Z, the shift from Eq.(19) is about 0.02 of the laser
) frequency that is very near to the calculated value. The ana-
(%] o . . . . . .
lytically derived width is larger than the shift in the factor
o2k (4w,p/3w0)*? that also agrees well with the simulation re-
sults. Since the plasma is overdense, the FWHM curve is
above the FS curve. The dependence of the shift and width
. . on the density gradient presented in Fig. 6 also is in accor-
010 -005 dance with the estimation of Eq€l7), (19), and(20). The
steeper that density gradient is, the weaker the laser field
¢) O3—T—T—T— . . .
penetrating the plasmaaluen/Zn; in Eqg. (17) is smaller
L ] for stepper gradientsConsequently, the velocity of the criti-
- cal surface and, hence, the shift of spectrum to red wing
_02F ] becomes less. The broadening corresponding to the accelera-
E) tion of underdense layer depends on the laser intensity being
@ T weaker than that of small density gradients because a de-
o1k crease in the laser field at the plasma surface is compensated
4 partially by a growth in the bipolar field, which accelerates
L ions.
| Thus, via experimentally measured shift and width of
O s 000 o005 o spectrum of the_ backward scatt_ered laser light, one can esti-
Ao/ mate the velocity and acceleration of a plasma and also the
d . ————— scale length of plasma inhomogeneity and the effect of the
laser prepulse.
o2k | Frequency shift and FWH for =10" Wiem?
E |
&t - B
0.1 ’
N gd !
g FWH 3
I | o3
ey
: anﬂM .MNMM “ a2
0.0 ) < FS 2
-0.10 -0.05 0.00 0.05 0.10 1 |
Ao/
0 } f + +——t +
FIG. 4. The time-integrated spectral intensity of backward scat- L n 5 10
tered laser light aftet=400fs: 1=10"° Wicn?, L/A,=3 (a); '
L/No=1 (b); 1=2X 10" W/erm?, L/Ng=3 (0); L/Ng=1 (d). FIG. 6. Dependence of time-integrated spectral wigitWHM)

and shift(FS on the pulse intensity on the density gradient in the
this dependence for the shiffS) Aw, /wo~A~\/I, and for  vicinity of critical density,L=[d In(N)/dz]"* at N,=N,,, after t
the width (FWHM), dw/wy~ AY?~114, =400 fs, | = 101 W/cn?. Simulation curves 1,3; analytical curves
As seen in Figs. 5 and 6, the shift FWHM is upwards2,4.
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CONCLUSIONS density gradient: these shifts may compensate each other in

. . . . steep density gradient <\ ) plasmas while in long density
This theoretical analysis of short high power laser pulse adient plasmasL(>\) the redshift is dominant.

; . g
reflection from overdense plasmas resulted in the foIIowmgg (iii) At low laser intensity, nonlinear ion sound in an un-

conclusions. L
derdense plasma produces harmonics in the spectrum of the

(1) Ponderomotive pressure of laser light near critical o . ;
density produces a shock wave that propaaates deepl inPcattered radiation that dominate spectrum width. lon-sound
yp propag Py Ispersion at high plasma temperature produces a small red-

plasma. This process c.hanges the profile of plasma denSIQf}ift also. At high laser intensity, the spectrum width is de-

and creates two areas: transparent underdense plasma e%nd . .
" i, . ermined by the acceleration of the underdense plasma layer.

above-critical dense plasma. The critical density surface (3) Low frequency modulation of scattered light spectrum

separating these areas moves with supersonic speed deegw o R . X

: . d additional spectral width is produced by finite duration

into the plasma along with the front of the shock wave atOf a laser pulse

ultrahigh laser intensity. In undercritical and above-critical P )

- . . (4) The measurements of the spectrum shift of reflected
areas intense nonlinear plasma density waves are generated.,. " . .
radiation thus allow us to determine the speed and accelera-

Idnu::ht% t;?nrfgra;i?é grn?alitzgedegree of nonlinearity is hlghe{Ion of critical surface and underdense layer, and therefore to
gher ! b ' determine the plasma gradient.
(2) The indicated processes affect the spectrum of scat- (5) The absence of the redshift in the maximum of the
tered radiation in the following way.: spectrum foll >10'® W/cm™ 2 displays the steep density gra-

(i) At low laser intensity, they are ambipolar plasma ex-~: X -
pansion and ion sound harmonic generation in underdens%ent in plasmas and the negligible effect of the laser

plasma. In this case there is a small redshift of the maximun'?repmse' T_his fapt may be useful in the diagnostics of pulse
in the scattered light spectrum. contrast ratio of intense lasers.

(ii) At high laser intensity, the critical surface movement
produces red Doppler frequency shift of scattered light, and
the plasma expansion produces a blueshift. The result of the The authors acknowledge useful discussion with Dr. A.
interference of these two processes depends on the plasrBasaki and Professor L. Roso.
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