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Skin effect in strongly inhomogeneous laser plasmas
with weakly anisotropic temperature distribution
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The absorption coefficient of an ultrashort, high-intenS§tgolarized laser pulse is calculated for plasmas
with weakly anisotropic electron energy distribution functions and high gradients of electron density. In the
limiting cases of normal and anomalous skin depth effects, the plasma kinetic equation coupled to the Maxwell
equations can be solved analytically for different relations between the laser wavelength, the electron density
gradient scale length, and the skin depth. For anisotropic electron distribution functions, we obtained an
increase of the laser absorption coefficient for transverse to longitudinal electron temperature ratio greater than
one.[S1063-651X98)00508-X]

PACS numbgs): 52.50.Jm, 52.40.Nk, 52.25.Dg

[. INTRODUCTION important role in the case of a plasma with an energy distri-
bution anisotropy and oblique incidence. We consider the
Since the development of the technique of chirped puls&ame regime of laser-plasma interaction as in F&fwhere

amplification to build compact solid-state lasgt3, investi- ~ nonlinear effects play a negligible role. Accordingly, calcu-
gations of the interaction processes of ultrashor, ( lation of the skin effect will be performed within the frame-

~0.1ps), high-intensity I2>10% W/cn? um?)  laser work of the perturbation theory. This limits the electric field

pulses with solid targets have been performed intensivel;SLtrengthE in the plasma by the conditiong =e&/me <vy
[2]. During the interaction, a densed>10% cm-3), hot =\ T</m, wherevg is the oscillation velocity of an electron

, . in the laser fieldpt is the thermal velocity, and the laser
(~keV) plasma is produced by laser absorption at the SUrfrequency. Corresponding laser intensitios? are below

face of the target; the laser deposition thickness is compatgl’ W/cn? wm? In this paper, we consider mainly the
rable to the material skin deptHst~10 nm). In previous “collisionless” mechanisms of absorption of a laser pulse in
works [3,4], the theory of the skin effect for such plasmasa strongly inhomogeneous plasma. These mechanisms are
was developed within the approximation of an abrupt boundthe anomalous skin effedASE) [3,4], when the effective

ary between the plasma and vacuum. However, Yang and hiollision frequencyv is less than laser frequeney and the
collaborators showed recently in numerical simulations theatio of thermal velocity to skin lengthir /ls; v<w<wv1/ls;
considerable influence of plasma inhomogeneity on laser aind the sheath inverse bremsstrahlu@yB) [5] when »
sorption[5]. The plasma inhomogeneity always exists in an<vt/ls<w. The condition on laser intensity for linear ASE

- A - . .to prevail [3] is vg<vy or (1/10'2 W/cn?)<60(A/Z)[
experiment because of the limited intensity contrast ratio be £$)12 M/ (1 um)]-© whereZ is the average charge of the

tween the main pulse and its amplified spontaneous emissio asma and the condition for the pulse duration Lis

background. Then, the density inhomogeneity scale length i%vT/w or 7(fs)< 30(A/z) Y2\ (wm). From these conditions
L<\, where\ is the wavelength of laser radiation. As an ;o see that ASE is important for 107 W/en?, <40 fs '

example, it has been early recognized experiment@l¥hat  ang) =1 um. For SIB, the conditions on laser intensity can
the presence of a weak prepulse boosts the x-ray conversigy  \ritten as [5]  1(10 Wicm?)<(2/10)(n,/6
efficiency from solid target because the laser interacts nog 122 cp?)S3 N\ /(1 wm)]?® and A\<0.5um. To reach this
with the surface of the solid material but with a preformedyegime, it is necessary to use much shorter laser wavelengths
plasma. than for ASE but the pulse duration can be of the order of
The theory of the skin effect in one-dimensional inhomo-100 fs.
geneous plasma with an isotropic temperature distribution We have a deformation of the electron distribution func-
was formulated for the first time in Ref7]. The present tion during plasma heating by the laser pulse. In the spatial
work generalizes the theory of skin effect in one-dimensionategion close to the plasma-vacuum boundary the distribution
inhomogeneous plasma to the case of an anisotropic electrganction differs from the Maxwellian one by a deficit of slow
distribution function and to the case of oblique incidence ofparticles[4]. In the case of ASE, the anisotropy of the laser
an S-polarized laser wave. The magnetic field of the wave heating in the skin layer can be explained by the fact that
that was not taken into account in R¢#], will play an  electrons with low longitudinalparallel to the laser wave
vecton velocities are accelerated in a direction parallel to the
laser field so that their transverse energy can become much
* Author to whom correspondence should be addressed. Electronlarger than their longitudinal enerd®]. For the laser inten-
address: gauthier@greco2.polytechnique.fr sities we consider, this anisotropy is not very large and has a
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weak dependence on tinfé]. Deeper into the plasma, at a S-polarized laser wave on a nonrelativistic plasma that is
distance from the boundary much larger than the electroinhomogeneous along the axis. It is more convenient to
mean free path, the anisotropy in the electron distributiomerform calculations in the reference system moving with the
function is reduced because of the increasing role played byelocity v/c=sin ¢ along the plasma surface in the positive
E|e|(t3t_r0”'i‘|3|nk00|"5i?r?3£ I i . ot direction of thex axis[11]. The incidence is (rz)())rmal in this
is well known that plasmas with temperature anisotro : .

are unstabl¢10]. Gain eZtimations showspthat, in our case,pi)t/r:es(roe)ncc(fs gazi. wt?)ecgilg ﬁ;eer:gtr:;efgﬁ;;y OC;Z?],dEXfOF
is inversely proportional to the pulse duration for tempera-e \ajyes in the laboratory frame. The inhomogeneity of the
ture anisotropy parametat:(TL—T_H)/T”_>1. We con- é)lasma density in the direction of the axis produces an
fflllijsdiengt]:l;ilfi?; weak temperature anisoiropy we can negle émbipolar fieIdE§(°)= — 9999z, deriving from the poten-

' tial ¢(®), which acts on the plasma electrons from the side of
the slowly moving ions. In the moving coordinate system,
this field E2=EX®/cosf=—deliz causes an additional

We consider the oblique incidenéith an angled with magnetic fieldB,=tan 0E§(O). As a result, the kinetic equa-
respect to the normalDz of the target plane of an tion for electrons has the following form:

II. INITIAL SET OF EQUATIONS

—tu, —+
ot Y2z

of of eEa(°>+ p—. of e 2 GEAO) af+ (i
cos 0 vaan (9—p2 Evzan é_px v( M)

J e J J
S T _€n0 _
[ eEcos o 75, c B cose(vZ 7o, vy apz)]f’ (1)

wheref is the electron distribution functioriy, the equilibrium distribution functioffor example a bi-Maxwellian andv the
electron-ion collision frequencfwe consider a laser plasma with a mean ion charge so that the collision integral giving
v is well known).

Electromagnetic fields in the moving system satisfy the Maxwell equations:

JE, 1B, B, 4m  10E,

—_ __+__
dz ¢ ot 9z c WTe ot

P ni%(z)
— — 83— !
EZ 4r€) j fd P cosd |’ (2)

whereni(o)(z) is the profile of ion concentration in the laboratory system of coordinates. The fumé?l)oﬁn) is assumed to be
given and constant during the whole process of interaction, because the time scale of the hydrodynamic motion of the ions is
much larger than the time duratian of the laser pulse.

By means of a generalization of the method developed in [R§fwe obtain the equation for the laser fietg:

d2Ey w? A7iwe?

a2 T ZHT T Tme

o Pz max oo ~
[f dz’j dp,W~ Y2~ ®(#2)2 coshd (z;2* )[Ey(2') +By(2') 1fw(Z';p,)
z 0

z Pz max _— ~
+f dz’f W2~ *@Z2  coshd(z';2%)Ey(2') —sinh ®(2;2*)B1(2') If(Z',p,)

z max Py

o] oo ~ z * !
+JZ dz’Jp dp,W~ %P2 )[Ey(z’)+Bl(z’)]fM(z';pz)—i—j maxdz'J dp,W~ e~ *(z2)

z max z Pz max
x[Ey<z'>—Eal(z')]fM(z';pz)}, (3)
where
=2C0§0 p—§+e cos Ol ¢(z)— (2]},
m 2m
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~ _ip,cosf JE, T, —T,

Bid)=— G 1 Pi={zemcodile(z) e
22
q>(zl;zz)=f (—iw+v)X Yz,2")dZ,
Z
. 2cos# [ picosd , P
X(z,2')= o om +[ep(z)—ep(z')] 1+m—Csmecos€ .

The last two terms in Eq3) describe the current of particles where
having energies in excess of the bareer,,,,. The structure
of Eq. (3) is too complex to get a general analytical solution.

Therefore, we will analyze it in a number of limiting cases. 2ivTH o dé
First of all, consider a high potential barriex,,,&T, S0 (= f — 37 , (5
that electrons cannot escape the plasma. Further simplifica- mc Jo 1=(&1a"){Z(§)+A[1E+Z(8)]}
tion can be performed with some approximations that we
will consider in the following parts of the paper. To investi-
gate the general solution of E€p) in various limiting cases, and
we will study the dependence of the absorption coefficient as
a function of the scale of plasma inhomogenédityln Sec.
[1l, we will consider the case of homogeneous plasmas with B NP
a sharp boundary when the scale length is less than a skin Z(&)=exd — (£+18)%]{ im erfo 5¢)
layer. In Sec. IV, we will consider the case of inhomoge-
neous plasmas with weak and strong dispersion. 4 . .
P g cisp —Zf exp(t+|5§)2dt}, with 6= v/ w.
0
I1l. HOMOGENEOUS PLASMAS WITH SHARP PLASMA-
VACUUM BOUNDARY Figure 1 shows the variation of the laser absorption coef-
. . . . 2

Analytical calculation of the integrals in Eq3) is pos-  ficient with the skin depth effect paramet@{/ w,vr)” and

sible for a restricted number of potentiai¢z). First of all, ~ anisotropy parametedA = (T, —T)/T,. In this case, laser

consider the well investigated case of an abrupt plasmabsorption is caused by mainly Landau damping, ds
boundary[3-5]. Solution of this case by the Fourier trans- = »/@=0.01. Itis evident from Fig. 1 that plasma anisotropy
form method withT,=T, was performed if4,5]. In these causes an increase of the absorption coefficient Tror
works, the variation of the absorption coefficiemptvith the ~ >T, [4]. Additionally, we can see that fak=0, our results
parameterwc/wpuTH has been calculated. The limifw, are the same than the ones obtained in R&f.

>v+1/w corresponds to the high frequency normal skin ef-
fect, the so-called sheath inverse bremsstrah8i8) [5],

when the depth of the skin layefw, is much greater than IV. INHOMOGENEOUS PLASMAS
the scale of spatial dispersion;/w. The opposite case
¢/wp,<vt/w corresponds to anomalous skin effé&tSE) Now we consider the case of a smoothly inhomogeneous

investigated ir{3,4]. Generalization of the results p4] and  plasma. One of the potentials that gives a possibility for an
[5] to the case of an anisotropic plasma with collisions givesanalytical calculation of the phasas(z;;z,) is the linear

an absorption coefficient of potential,e¢ cos 6/T,=—zL. It corresponds to an exponen-
tial electron density gradient with a scale length of inhomo-
geneityL ,=L/cos#. In this case, the problem has a physical
interpretation only forL>Ig, wherelg is the depth of the
skin layer. Introducing the dimensionless coordingtez/L,

c t1 T4y B (AT
n:(gm(_m”z) “Re fo dz B (2)j(2)

B (£ cos9—1)|? 4 we obtain the following form for Eq(3) with the linear
(£ cosh+1)|° @ potential:
|
d’E, iA [+ +ee N P R i JE : -
Y PR = ' iaV|é' —éle faV|é —ége! Vg — A —Y JTe" — g](elaVIE —de"
a2 + k°E, \/;J_mdg f_wdt{(e +e )Ey(§)+2aA(9§, |&"—€|(e

+sgrg' — e T A el —sgri¢’ — )e "] ellf' ~ERcoshag m o2, ©)
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where The dielectric permitivitys (g, ) can be obtained by taking
2 3 . - the Fourier transform of Eq6) with respect to the small
_wopl” L7 2@ L scale lengthy/w:
C2UT” I?S’a’ C2 ’
H 2
Lo(l+iv/w) ) 47en® _ A IA\/; 1 @
- - e(qw)=1l- -+ ——5 ——exp — . (8§
e e a2 g 1 ald]

The right side of Eq(6) is the plasma current driven by the The imaginary part of the dielectric permitivity is different
electric field of the laser wave. Nonlocal dependence of thisrom zero in the collisionless limit¥=0) because of Lan-

current from the field is connected with spatial dispersion ofdau damping. Below, because of the small value ot |far

the inhomogeneous plasmas. a>1, we will calculate the absorption within the perturba-
tion theory.
A. The limit of sheath inverse bremsstrahlung The expression af(¢; ) is obtained from the dispersion
equation

Here we consider the solution of E¢p) in the limiting
casea>1 (SIB) [12]. In this weak spatial dispersion case,
Eq. (6) involves two considerably different scale lengths: the
small scalemvTH/w and the large one-L. So, the variation

of density on the coordinaté can be taken into account
adiabatically, and Eq#) is reduced to an ordinary differen- in which the smooth dependence on the reduced coordinate
tial equation for the field with an effective dielectric permi- was taken into account.
tivity e(q; w): The absorption coefficien can be calculated as the ratio
of the real part of the work performed by the field per unit of
@ time per unit of plasma area to the Poynting vector of the
wave incident on the plasma:

Aef
—q2-|-K2 1—7)20, (9)

K o

d?E,
d_fz + K2Ey+ KZ{S[Q(w,g);w] - 1}e§Ey: 0.

[7.dg BN (AT N a(E)[Tex{ — a?/4q(£)| et
B Ey(§——=)

U . (10)

A solution of Eq.(7) decreasing af—o can be found in ences for largekL that can be connected to the different
the form of a superposition of the incident wave with the electron density profiles used in the calculations.
specified amplitude and the reflected wave. This gives for
Eq. (10), using the saddle point method, the following ex- B. The limit of anomalous skin effect

pression: . . . .
Now we will consider the case of strong spatial disper-

sion, opposite to that of the previous section, the so-called
n~V2wAY* o expg — 3a® A Y sinh(27k)/ k. anomalous skin effe¢ASE). In this case, the scale of spatial
(108 dispersionvt/w exceeds the scale of inhomogenelty
therefore in the general expression given in E8), the
phasesb(z,;z,) are small and can be omitted.

So, in the SIB regime, at9L<c/w,, the absorption coef- In the case of the linear potential that we consider now,
ficient can be taken from Ed5) and atL>c/w, from Eq.  the parametew in Eq. (6) becomes small, and the later equa-
(10). tion can be written in a simpler form:

Because we have made the assumptionl, we can see
from Eq. (109 that we have a decrease of the absorption ,,
coefficient for increasingy. We can conclude that in plasmas
with weak dispersion, we are in the limit of SIB at any scale
L. The absorption coefficient is maximum for sharp bound-
aries and falls down for increasirg e o €€
Figure Za) shows the variation of the laser absorption XJ " d&'Ko
coefficient » with the scale of plasma inhomogenity for
wﬁ/wzzzo, vt/c=0.1, in the conditions of SIB. The dashed (11
line is calculated with help of Eq10) and the results of PIC
simulations of Yang and co-authors are denotedgbgym-  The kernel of the integral in Eq11) Ko(&—¢’) is such that
bols at the same parameters. We see a rather good agreemiéntuts integration oved¢’ at é¢—¢&'~1 for £>¢' and at
between the two sets of results fok<0.2 and some differ- &' —é~1/a? for £<¢’. This conclusion follows from the

v oo A
WE, = — 2
dé? AN =

5 e('f_f,)lzef/Ey(g’).
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consideration of the asymptotical behavior of the kernel. Af- 0.30 .
ter that, by using the variable=¢—1 and taking the de-
rivative of Eq.(11), it is easy to reduce this equation to a - - SIB results
third order linear differential equation: .25 ® Yang's results
d°E, ,IE, iA Co'E 0 T = 020 -
+ _— = = £— b=
PR y(m)=0, u=&-1, (12 5
kS
3 0.5/ i
whereC is a numerical constant of the order unity. S
After the change of variable*=x, Eq.(12) is reduced to 3
the standard form of the equation for the generalized hyper- 2 010 -
geometric functionyF, [14]. Using the asymptotical behav-
ior of ,F, at large values of modulus of the argumgbd], e e
we can find the following expression for the amplitude re- 0057 T m- ® 3l
flection coefficientR: el
_ 0.00 & 1 i I ) ~+
1+(wL/c)[ - m/2+i(In 7AIV2+7C)] @ e
= — a kL
1—(wL/c)[—m/2+i(In wAIV2+7yC)]
0.30F T T
oL | 7 [ TA _~ — anisotropic distributi
~142— | —=+il In—+3C| |, 6% — isolropia distribution
c 2 o) 0951 x Yang's results
whereC=0.577 is the Euler constant. 0.20 i
Similar calculations can be done for a potentiglz) of
the form—e(2)/T,=In ZIL=In &, corresponding to a linear
variation of the electron plasma density. Introducing a new 0.15

variable x=In £ and approximating the kernel, we again
come to an equation of the hypergeometric type. In spite of
the other expression d&,(¢), the absorption coefficient is
again proportional to the scale of the plasma inhomogeneity.
We have plottedy(L) in Fig. 2b), denoted by a dotted
line, which was found with the help of Eq3) for
ws/w2=60, vy/c=0.1 to compare it with the results 053]

1.0 p———rr————rrrr———

o
©

0.10

absorption coefficient

0.05

0.001

(b)

FIG. 2. Variation of the absorption coefficient as a function of
the scale length of plasma inhomogeneity for an isotropie=Q)
and anisotropic £ =0.5) distribution.(a) SIB regimev;/c=0.1,

o
2

o
»

absorption coefficient nc/v;

©
S
T

0.0

0.01

0.1

(/o vp)?

i

10

wf,/w2:20. The dashed line shows our results. The encircled
crosseg®) are the results of PIC simulations by Yaegal. (b)
ASE regimev/c=0.1, a)f)/a)2=60. The dotted line and the solid
line show our results, the crosses) are the results of PIC simu-
lations by Yanget al.

(with the same physical parametedenoted by symbolx.
Sincecw/vtw,=1.3, we are in the intermediate region be-
tween ASE and SIB. Even in this case, where our analytical
formula is not so good, we can see that we have rather good
agreement between the analytical and the numerical results.
The comparison with the experimental results of R&f)],
where the laser plasma parameters were close to our region

FIG. 1. Variation of the absorption coefficient with the skin Of ASE (0.1<kL<0.3,1 <101.8 W/C'TIZ) show a rather good
depth parametera(c/ w,v+)? for two values of the anisotropy pa- agreement with our calculations singg,,= 7cac~0.07.

rameterA=T, /T,—1 and#=0, v/w=0.01.

We now consider the solution of the field equation, taking
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into account the temperature anisotropy. At first, we considethe incident and reflected waves. As a result, the reflection
the case of (T, — T,)/T,;]1/a> 1. Estimation of the kernel of coefficient is
the integral equatiori6) in a manner similar to what was

. X . . . 3ik
done in Sec. Il gives the following approximation for Eq. _a..] AC T T, '
: Jra Ty
d’E AC T,-T, (= JE
y 2 __ = L Il Yy ¢ , AC T —-T
dfz T Ey_a\/; T, J 9¢' e dé’, (14 ~1-37k+3ik In m l_l_” H, T,>T,. (15

whereC is a numeric constant of the order unity.

The solution of Eq(14) is again a generalized hypergeo- In the opposite case ofT( —T;)/aT;<1, the anisotropic
metric function. The condition of a negligible electric field in correction to the absorption coefficient can be estimated with
the bulk of the target gives the relation between amplitude operturbation theory:

JE
AT, -1,y dAHETEdEIm o ReEy(§erfal VET—§exp2¢ —¢)
An= .
" rxa, [ReE,(E=—=)T ' (19

whereE, is determined by Eq14). Estimations for the sign boundary. Fol ;<L <vt/w, the absorption grows linearly
of Anpgive An>0 for T, >T,, andA»<O0 for T, <T,. with increasingL, so thatyp=~27w(L+1g)/c in these two
Thus, in the limit of great anisotrop¥, >T,, the absorp- ranges of scale lengths. For=v;/w, absorption reaches its
tion coefficient increases by a factor of thiée the case of maximum. Moreover, wher>1, the anomalous skin effect
weak anisotropy, calculated from E@.6), the difference in is replaced by the SIBthe integrodifferential equation for
absorption is not so much; see the solid line in Fig)R If the field is reduced to an ordinary differential onin this
T,<T,, the corresponding analysis gives a decrease of thease,n decreases with increase bfaccording to Eq(10).
absorption coefficient as compared with the isotropic case. Thus, for theS-polarized electromagnetic wave in the regime
of the anomalous skin effect, there is the maximum of ab-
V. CONCLUSIONS sorption at the scales of inhomogeneltyof the order of

) . ) magnitude of the scale of spatial dispersiop/ w. If a>1,
In the present work, we have derived an integrodifferenyhen atL~0 we are already in the regime of the high-

tial equation for the calculation of the electromagnetic fieldfrequency normal skin effect. In this case, in the range

in a plasma, taking into account temperature anisotropy anfl—| < ¢/ , absorption is determined by EG) for a sharp
one-dimensional spatial inhomogeneity. In the limiting Case%oundary pand at/w,<L by expression(10), i.e., it de-
1 p 1 sy

of normal and anomalous skin effects, the equation can bgye 4565 with increasirlg If we optimize the absorption with
simplified. This allows one to find its so!utlons in analyncal respect to parameter and the scale length, then it is
form. A new fgature of our calpulatlons is the accounting of shvious that the maximum will be at=1 andwL/v~1.
the magnetic field of the wave in the kinetic equations. In the
case of an anisotropic electron distribution function, the im-
portant effect is the increase of the laser absorption coeffi-
cient » for increasing transverse to longitudinal electron tem-
perature ratios. The functional dependence of the absorption We acknowledge helpful discussions with A. G. Sam-
coefficient »(L) with the electron density gradiemt sub-  sonov, Th. Schlegel, J-P Geindre, and P. Audebert. The Lab-
stantially depends on the regime of the skin effee1 for  oratoire d'Utilisation des Lasers Intenses is funded by the
the ASE, ande>1 for the SIB. If o<1, then with increas- Centre National de la Recherche Scientifique. This work was
ing of L, the absorption varies in the following way. For 0 supported by Grant No. INTAS 94-934 from the European
<L<lg 7 is determined by expressiotb) for the sharp Community.
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