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Abstract

Anomalous absorption of an intense short laser pulse in overdense plasmas is analyzed with a stochastic theory. A
diffusion equation describing a time evolution of the electron distribution function is derived. From the equation it is
shown that the electron distribution function becomes anisotropic in the momentum space, which gives rise to the
absorption of the energy. The diffusion is not dominant inghéirection, which is longitudinal to the vacuum-plasma
boundary, rather it is dominant in thgg direction, which is transverse to the boundary. However, the diffusign in
enhances the absorption. Analytical expressions of the absorption coefficient and skin depth are obtained for the
anomalous skin effect regim@§ c? < w3vd), which evolves in time as the electron distribution becomes anisotropic.

The asymptotic value of the absorption coefficient is proportional'to The temperature and density dependence of

the absorption coefficient is also discussed.
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1. INTRODUCTION bremsstrahlungSIB; Catto & More, 1977, vacuum heating
Brunel effect; Brunel, 1987 andJ X B heating(Kruer &

In recent years there has been increasing interest in t stabrook, 1986 In the analyses of anomalous absorption,

interaction of ultraintense short laser pulses with overdensq1e plasma distribution function is assumed to be in equilib-

plasma due to the rapid improvement of the intense shor RS ) . 0
. i rium. In the relativistic intensity regimg = 1, wherea =

laser pulse technology. The interaction of such laser pulses . : A
) ) L €A/(mc) is a normalized vector potentiah is electron rest
with plasmas are important for the fast ignition concept, the . . o
mass, and is speed of light, however, the electron distri-

fast electron generation, X-ray sources of high brlghtnesfsbution function deviates from the equilibrium distribution

and so on. The strong electric field ionizes the atoms within : : :
. ) L . due to the interaction between electrons and laser field, and
a time shorter than the duration of the laser radiation. Since

. . S . . _—evolvesto anisotropic distribution in momentum space. This
the ions are relatively heavy, they remain immobile during . .
. . S ~results in the anomalous energy absorption by the bulk
such short laser pulses. The interaction of a high-intensit
. X lasma.
ultrashort laser pulse with matter can be described as that : . .
In this paper, we discuss the anomalous skin effect mech-

with a rigid, uniform, and overdense plasma. The character- . C . ; . )
- . L anism for a relativistic intensity regime with a stochastic
istic laser parameters correspond to intensities abota&0 . ) ) A .

theory, including the electrons’ longitudinal motion as well

2 . .
cm* and pulse durat|ons of 100 fs. The absorption of theas transverse motion to analyze both the linearly and circu-

: . . ; ?arly polarized cases. The time evolution of the electron
absorption mechanism rather than the classical absorption ~."" . o . .
. distribution function is analytically obtained, and shown to
mechanism. e T
. . . be governed by a diffusion equation in momentum space.
For plasmas with steep density gradient, there are well;, - : R . :
: . With the obtained distribution function, the analytic expres-
known anomalous absorption mechanisms, as the anomgi-ons of the absorption coefficient and skin depth for ASE in
lous skin effect(ASE; Weibel, 1967, sheath inverse P P

relativistic regime are obtained. As a result, the absorption
) i coefficient decreases in time as the distribution function
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andD,. This asymptotic form of the absorption coefficientis  The equation of motion of an electron in the laser field is
given byn = a(c/vy)(wo/wp)?, Wherewy, w,, andvy, are  given by
the laser frequency, plasma frequency, and thermal velocity,

respectively. The temperature and density dependence of dp, eB

the absorption coefficient varies in time, which is plotted for e my P2 @
the initial, transient, and asymptotic cases. The absorption

coefficient is compared between a linearly polarized case dp, _ _€B b (5)
and a circularly polarized case. dt my ¢

Equations(4) and (5) are solved with an initial condition

2. TIME EVOLUTION OF THE ELECTRON (Pxs P2i=t, = (Pxos P0), Wheret, is the time when each
DISTRIBUTION FUNCTION electron enters the thin interaction layer. We asspgge<

p,o because the electrons moving in thdirection with a
When an intense laser light irradiates an overdense plasmkrge velocity play a dominant role in the energy transfer
the laser field penetrates over a skin layer whose depth ifom the laser field to the bulk plasni@amaliy & Dragila,
much shorter than the laser wavelength in a vacuum. Th&990. The force acting on the electron within the thin layer
laser field strongly interacts with the plasma in the thinbecomes
layer. The electrons continue their periodic motion in the
laser field in the underdense region. In the overdense plasma, F(2t) = eB(z t)
however, the interaction takes place in the thin layer, which e Myo
is localized at the surface. Thus, the periodic motion of
electrons is truncated, which results in the energy transfer
from the laser field to the bulk plasma.

In this section, we obtain the time evolution of the elec-
tron distribution function with a stochastic theory. In sto- F(zt) - _eB(zt)
chastic treatment of the anomalous absorption mechanism, *~ Myo
there are three different time scales to be considered: the
interaction timer;, the correlation time of the stochastic
variabler;, and the laser periol = 27/wq. The interaction
timer; is written asr; = I /v, wherelgis the depth of the skin

P, C0S(S(z,ty,1)) — eE(z,t)

L eBzY fteE(z,t')sin(S(Z,t’ft)) at, (6
Myo  Jo

pZO Sin(S(Z, tOl t))

, 8Bz fteE(z,t’)codS(Z:t’rt)) at, (@)
Myo  Jo

layer. By approximatinds = c/w,, the interaction time is Sz 1o,t,) = e ‘18(2 1 ®
evaluated as = ¢/(v,w,). (Since the depth of the skin layer o T e Jy, TR

depends on the plasma conductivitychanges in time as

electron distribution function evolves in timeDver a time %

scaler;, the equation of motion of an electron is described Yo= /1t mo?" 9)

microscopically. The plasma occupies the half-spaee),

which is assumed to be highly overdensg > wo, and the  ginceq, = eBy/my, > wy, the electromagnetic force oscil-
plasmais assumed to be neutralized by the background ionges rapidly not to give net acceleration unless the sinu-
The linearly polarized laser field is normally incident on the g4iqal function is almost zero. Thus, for an effective energy

overdense plasma from the vacuum side= 0), transfer to occurt — t, = t; = 0 is required. This explains
the fact that the effective interaction is limited to a short
A time interval and localized at the plasma surface. As the
B = T ot (1) electromagnetic fields are localized in a thin layer, the mag-
netic field becomes dominant compared to the electric field
oA, (B = (1/lswo)E, wherels is length of the thin layer As a
By=-, (2 result, the effective force acting on each electron with the
initial momentump,q in the thin layer is written as
A, = {Agexp(ikz — iwgt)}, 3 F, = 0P, (10
whereE,, B, andA, are the electric field, magnetic field, F,= —w7pso. (11

and vector potential of the laser field with amplitulg and

k =k, + ik; is a wave number with a positive imaginary part Although the phase of the laser field can be regarded as
(k; = 0). The laser intensity is in the relativistic regime. constant in time during the interaction of each electron be-
Hereafter, we omit the suffix on the electric and magneticcause ofw. > wq, the laser phase and incident electron
fields for simplicity. momentum depends on time.(t) andp,(t), in the time
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scale which is much larger that. As will be shown later where

(Eq.(39)), the correlation time; is evaluated as < 1/wy,.

Therefore, the initial momentum is treated as a stochastic w?

variabledp,o(t) fluctuating around the average momentum D=6 (19
P20, Which will be physically explained in Section 3. The

slow mode of electron distribution function is assumed to be Bwir?

. D,=——G, 20
weakly dependent anfor z= | s, Wherel g, is the electron 8 (20
mean free path. Sindg,,, > | is satisfied in the present ) )
situation, the electron c_iistribution function is assumed not Cit) = We Ti exp(_ We Ti t)ﬁ,. (21)
to depend on the coordinate: 2 2
of, of, of, HereD, andD, are diffusion coefficients an@(t) is a drift
= TR . + Fy(t) P 0, (120 term. From this equation it is possible to estimate how the
* ‘ electron distribution evolves to an anisotropic distribution.
Fu(t) = we(t)puo(t), (13 The anisotropy is expressgd by the diffusion coefficients,
D, andD,. Even thoughD, is much smaller tham,, the
(1) = —w2(t)7 polt). (14) diffusion in p, space is not negligible and acts to enhance

the energy absorption, as will be shown in Section 3.
For a circularly polarized laser pulse, the fundamental

where vy is the Lorentz factor. EquatiofiLl2) is formally t%guation becomes

integrated, and an ensemble average is taken over the s
chastic variable to give

ofs 1 of,  0%f,
E—D,—a—-i-az =0, (22)
< fe(rl p: t)> pf pr pr
<f< (1) = —F(t) — ) i >> where
= { ex —Ft") —— = F(t") — | dt'fe(r, p,0) ).
P 0 apx apz) P >
We
(15) D, = 7 G p= \pr + p? (23
The fluctuationdp,o(t) is assumed to be Gaussian and theSince the electron is not accelerated longitudinally for a
time correlation is assumed to obeyp,o(t1) dp,o(ts)) = circularly polarized laser field, the electrons only diffuse in
G6(t, — t,). To solve Eq(15), the exponential operator is the transverse directionsandy.
decomposed by using the following Lie algebra identity: The time evolution of electron distribution function for
linearly polarized case is shown in Figure 1, where the ini-
A+ B) = A expla) — 1 6 tial distribution is chosen as an isotropic Maxwell distribu-
exp(A + B) = exp(B)exp x4 (18 tion which is used in the analyses of low intensity laser case:
where the commutator of operatotsandB satisfie§.A, B] = (00 = — 0 ey (_ p:+pg+ ps (24
aA (Wilcox, 1967 andea is a constant. After decomposing (P (2mwo?2)%/? 202 '

the exponential operator, an average is taken over the en-

semble 0Bp,o(t) (Kubo, 1962. Riemann—Lebesgue’'slemma The time evolution to an anisotropic state is obtained from
is then used to obtain the distribution functigft) over the  Eq.(24) and using Eqs.26)—(28):

slow time scale as

Ng ot
fs(p,t)=
1 92 3 92 (27702)3/2\/(2Dxt + 02)(2D,t + 0°2)
fs(t) = exp(i w2Gt 6_pf> exp<§ wit?Gt a—p22> 2
t
pz+f C(t’)dt’)
wér \|_ 9 ; % exo| — Ps _< 0 o

xexpl | 1= expl == U] 1Po o )10 (17) “P\"2@D,t+0?) T 2@Dtto?)  202)
(25

The distribution functiorig(t) given by Eq(17) satisfies the

following diffusion equation in momentum space as follows: In Figure 1, it is shown that the electron distribution

becomes anisotropic and broadergpthan p,, since the

s o s ct) A D 025 -0 (19) diffusion coefficientD, is much larger thad,, and the drift
ot apz ap, ap; effect in positivep, direction is small compared to the dif-
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Fig. 1. (a) Isotropic electron distribution function in momentum space at
t = 0. (b) Anisotropic electron distribution function in momentum space at

a)ot = 20.

fusion effect. However, the diffusion i, is not negligible
in considering the energy absorption, and it enhances the
energy absorption. As will be shown in the following sec-

tion, the energy absorption in a circularly polarized case i§_|
smaller than in a linearly polarized case. This is because in
circularly polarized case, the momentum distribution dif-
fuses only in the transverse direction, not in the longitudina

direction.

3. ABSORPTION COEFFICIENT
AND SKIN DEPTH

In analyses of the anomalous skin effect, the high frequency
surface current is calculated from the Vlasov equation. The Twy
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slow modefs is treated as a steady-state equilibrium distri-
bution function in the analyses of anomalous absorption
mechanisms. In the high-intensity laser case, however, the
electron distribution function deviates from the Maxwell
distribution due to the strong interaction with the laser field,
and the absorption coefficient becomes dependent on time
and laser intensity.

The surface current is calculated from the fast perturba-
tion of the electron distribution functiofy, which is ob-
tained from the Vlasov equation:

of of of
—f+£~—f—e<E+£xB>-—5=0. (26)
o my or my p

The absorption coefficient and skin depth are calculated
by following the usual treatment of the anomalous skin
effect(Yanget al, 1995; Ichimaru, 1973 The first term in
Eq. (25) is neglected because of the condition correspond-
ing to the anomalous skin effeet, vy, > woC. The surface
current is calculated by using the Fourier transform as
follows:

- * Py -
JX=—e£wEffdp (27)

g€’ 1 . ké 2Dyt + o2
k 2(2D,t + 02) Myowo 2D,t+ o2

k 2D, t + o2 _
x \/;Z(g) a rn'}/owo < 2th + 0'2 a 1>:| E,
(28)
where
1 * 1
Z(¢) = ﬁf, ; exp(—z?) dz, (29
f C(t’)dt
- (30)

\J2(2D,t + 02)’

H ere,J,, B, andE are the Fourier transforms af, B, andE,
respectively, andZ(¢) is the plasma dispersion function
I(Miyamoto, 1989. The Lorentz factor in the electromag-
netic force is approximated by, and the magnetic field is
eliminated by usind@® = (k/w)E. The electromagnetic field
is extended into the half spa¢e= 0) with E(—z) = E(2)
andB(—z) = —B(z). The electric field is obtained as follows:

E(z) =

—iwoCB(z=0+) f“’ kexp(ikz) .
o K*—iK—Lk ok Y
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where Thus, the time correlation of momentum fluctuation is re-
lated to the plasma temperature and conductivity, with the
K — TMwoC  exp(—&2) (32 aid of the fluctuation-dissipation theorem as follows:
w,  \[2(2D,t+ o2)’
32 wg
G=——=m%g— (39
2Dt + o2 th 2>
=T (33 W3 g
2D, t+ o

) ) ) ) where the plasma conductivity is approximated by its initial
Here,K andL are dimensionless functiorB(z=0+)isthe  \5ye. With these considerations, the absorption coefficient

magnetic field at the surface, akd= ck/w; is the normal- 54 skin depth are plotted as a function of time, intensity,
ized wave number. The plasma dispersion funcig) is temperature, and density.

expanded using < 1, which is satisfied for the case we are  The time dependence of the absorption coefficientis shown

interested in as will be shown later: in Figure 2. Here, the plasma density is taken to be 1000
_ ) times critical density, the plasma temperature is 120 keV,
2(&) =N exp(—§?) = -+ (34 and the laser intensity is chosengas 5. In this case¢ < 1

) ) ) . is well satisfied. The absorption coefficient starts from the
The inverse transform is performed by analytically continu-ye||_known absorption coefficient for the nonrelativistic

ing the integrand into the upper half-plane lofand the casen"™"which is written agRozmus & Tikhonchuk, 1996
contour is closed with an upper half circle. The absorption

coefficientn(t) and skin depthg(t) are obtained as

8 < 2 >1/6 ( v )1/3 < wo )2/3 @0
77non — — —_— — i
2R(E(z=0+)B*(z=0+)) W3\« c wp
Ea/c

n(t) =

The absorption coefficientincreases rapidly during the short
8 <£>1/3 af +a? 35 period since the plasma surface begins to move by the laser
- 3V3\K pressure. After this rapid increasgtends to decrease grad-
ually and finally reaches a constant value. This is because

2 2 _ ,
N _ 2 _
(ay +a )(a +a a,a_)

Ly = & o i(ﬁ)m L the time evolution of the electron distribution function is
s() = —Ok) ™= (ar —a_) (36) . ; : "
wp wp \K mainly dominated by the drift effect at the initial stage, and
the diffusion effect becomes dominant after sufficient inter-
where actions have taken place. Then gradually the diffusion effect
dominates the drift effect to give a constant energy absorp-
[a3 /3 tion coefficient. This asymptotic valug® is evaluated
Qs = ( 27K 2 + 1> ' (37 from Eq(35) as
Here,E(z = 0+) andE;, are the electric field at the surface asy _ @0 . c (@)Z
; N = — (w.7) =a ; (47)
and in the vacuum. wp v \ @p
The average momentupy, is obtained by invoking pres-
sure balance between the laser light and plasma. When the
laser pressure is greater than the plasma pressure, the plasma
surface is pushed inward with constant velocity as is veri-  0.25
fied by simulationgDenavit, 1992; Wilkset al., 1992. By -
using number and momentum conservation, the moving ve-_ 0.2
locity u is given by(Krueret al., 1975: §
£ 015
u ( N M 122 >1/2 8
¢~ \ore W 2720108 ) CUN-
c 2no M 2.74x 10 2 01
2
wheren,,, 1, A, andM are the critical density, laser intensity, < 0.05
wavelength, and ion mass, respectively. Consequently, the
average electron momentum is expressep,@s —muy. . . . . .
The source of the momentum fluctuation of incoming 0 20 40 . 6(; 80 100
ime @,

electrons is taken to be a thermal fluctuation. For the early
stage of laser irradiation, the incoming electron distributiongig. 2. Time evolution of absorption coefficient fa = 5, vi/c = 0.5,
function can be approximated by the previously obtaifged n./n. = 1000.7 reaches the constant value at abegit= 80.
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Fig. 3. Absorption coefficient atvyt = 1000 as a function of normalized
vector potential.

which is valid fora= 1. The vector potential dependence of

1 is shown in Figure 3. In the range wheads less than
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Fig. 5. The density dependence of the absorption coefficienipat= O,

wot = 100, andwot = 1000. The solid lindfor wot = 0), dashed lindfor

wot = 100), and dotted lingfor wot = 1000 correspond tane/ng) Y3,
(ne/ner)~¥/?, and(ng/ne;) 71, respectively. The parameters are chosen as
a=5,vpn/c=0.5.

about 5, the absorption coefficient decreases with increasepresent; o (v/c)Y3, (vin/c) 2, and (vp/c)~ 2, respec-
ing intensity, which is consistent with the simulation resulttively. From the figure it is shown thaj o (vg/c) 2 for
(Denavit, 1992. When the laser intensity becomes eventhe transient range. The density dependence is plotted in
higher, the absorption coefficient increases with increasingrigure 5, where the solid line, dashed line, and dotted line

intensity asy o« VI, as is clear from Eq41). The temper-
ature dependence and density dependence isfclearly
given by Eq.(40) and Eq.(41) for the nonrelativistic case

represent) o (ne/ncr)_l/sy(ne/ncr)_s/zv and(ne/ncr)_lr re-
spectively. It is shown thak o (wo/wp)3. Therefore, the
absorption coefficient in the transient rangéis written as

and the asymptotic case, respectively. In the transient stage,

however, the temperature and density dependence of

change as the distribution function evolves. This is numer-
ically shown in Figures 4 and 5. In Figure 4, the temperature

dependence is plotted for the nonrelativistic casgt = 0),
the transient caséwot = 50), and the asymptotic case
(wpt = 200). The solid line, dashed line, and dotted line

0.141

n

0.12

0.1}
0.08¢
0.06
0.041

Absorption coefficient

0.02}

0 R R
0.2 0.3 0.4

05 06 07
Thermal velocity ":%

C

Uth

Wo

2 3
nw( )( ) 42
As a result, in the nonrelativistic regime the density depen-
dence is weak ag oc (Ne/ngr )~ 2. In the relativistic regime,
the density dependence is strong at the asymptotic stage as
oc(Ne/Ner)™ 1 and oc(ng/ng,) 2 during the transient stage.
The temperature dependence is opposite for the nonrelativ-
istic regime and the relativistic regime. In the nonrelativistic
regime, the absorption coefficient increases with increasing
temperature ag o« (vy,/c)Y3. In the relativistic regime, the
absorption coefficient decreases with increasing tempera-
ture asn o (vp/c)”' at the asymptotic range and
1 o« (vy/C) 2 at the transient range.

The time evolution of the skin depth is shown in Figure 6,
where the skin depth is normalized by the nonrelativistic
skin depthc/wy,. After the laser pulse irradiates the plasma,
the skin depth increases, which results in the increase of the
absorption coefficient. As the diffusion effect becomes dom-
inant, the skin depth increases more slowly.

The absorption coefficient is plotted for both a circularly
and linearly polarized laser pulse in Figure 7. Since the
electrons are accelerated periodically withy2n the longi-

@p

Fig. 4. The temperature dependence of the absorption coefficient aiudinal direction foralinearly polarized case, the absorption

wot = 0, wpt = 100, andwpt = 1000. The solid lingfor wgt = 0), dotted
line (for wot = 100), and dashed linéfor wet = 1000 correspond to
(vin/€)Y3, (vn/c) 2, and(vyn/c) 2, respectively. The parameters are chosen
asa =5, ng/ne, = 1000.
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Fig. 6. Time evolution of the skin depth foa = 5, vy,/c = 0.5, and
Ng/Ner = 1000.

Time

Fig. 7. The absorption coefficient for linearl§solid line) and circularly
(dashed lingpolarized laser light.

plays an important role in energy absorption for a linearly
polarized case.
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