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The laser intensity dependence of the inverse bremsstrahlung absorption coefficient in a strongly
coupled plasma is investigated, where the electron quiver velocity (vo=eE,/mw,) and excursion
length (ro=eE,/mw3) in the laser electric field are finite in comparison with the electron thermal
velocity and shielding distance, respectively. In plasmas produced by an ultrashort pulse laser, the
electron and ion temperatures are not in thermal equilibrium, and the electron temperature is
higher than the ion temperature. Since ions are strongly coupled in such plasmas, the ion-ion corre-
lation is described by the hypernetted-chain equation. On the other hand, the electron-ion correla-
tion is described by linear-response theory. By using those correlation functions, the high-frequency
conductivity and the laser absorption coefficients are evaluated. The results are applied to a recent
experiment on reflectivity [Phys. Rev. Lett. 61, 2364 (1988)]. The analysis discloses the laser intensi-
ty dependence of the ultrashort-pulse-laser absorption rate.

I. INTRODUCTION

Recently, plasmas produced by an intense ultrashort-
pulse (pulse width less than 1 ps) laser has attracted much
interest.! 3 Ultrashort-pulse lasers heat a solid target be-
fore any expansion occurs. In such a case, the plasma
scale length is less than the laser skin depth. Consequent-
ly, the ultrashort-pulse-laser radiation directly interacts
with a solid-density plasma.

Under the irradiation of a  high-intensity
subpicosecond-pulse laser, the electron heating time is
less than or comparable to that for electron-ion energy
relaxation. Namely, the ion temperature is lower than
the electron temperature, and ions are coupled strongly.
We define the ion-ion and electron-ion Coulomb coupling
constants I';; and I';, by

T, =Z%%/kyTa; , (1)
I,=Ze?/kyT,a; , ()

where a; is the average ion radius (%ﬂn[)l”, and n;, Ze,
T;, and T, are the ion number density, effective ion
charge, and temperatures of ion and electron, respective-
ly. The ion-ion correlation function is described by the
hypernetted-chain (HNC) equation, which is known as a
good approximation when 10>T; > 1.*> However, the
electron-ion and electron-electron couplings may be
weak, and the electron-ion correlation is described by the
linear-response theory.

The absorption coefficients in a solid-density plasma
have been given by several authors.’”!! However, the
effects of finite electron-excursion length have not been
treated exactly except for the work of Jones and Lee® and
Rae and Burnett. !© In this paper, we derive a basic equa-
tion for the electron distribution function in order to take
into account effects of the finite electron-excursion length
on the laser absorption. The laser intensity dependence
of the nonlinear absorption has been given by Rae and
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Burnett. However, their result is valid only for weakly
coupled and nondegenerate plasmas. Furthermore, we
analyze the recent experimental results of reflectivity in
such a plasma by using our absorption rate.

II. THEORETICAL MODEL AND DERIVATION
OF BASIC EQUATION

We derive a basic equation for the electron distribution
function in the presence of an intense laser field. Since
we are interested in the laser absorption, only electron-
ion collision is taken into account. The formulation
which we use in this section is analogous to that of Jones
and Lee.’

The laser electric field is assumed to be given by

E(z)=Eycos(wgyt) , (3)

where o, is the laser frequency. In the absence of col-
lisions, the electron orbit in the laser field is given by

v=v'+vgsin(wgt) , 4)
r=r'+rqycos(wyt) , (5)

where r’ and v’ are the initial electron position and veloc-
ity, and v, and r, are given by

V():_eEo/mCl)o, rOZEEO/ma)g ) (6)

respectively. When we get on a frame which oscillates
with velocity vgsin(wgt), the electron orbits are straight
lines, and the ions oscillate with frequency o, instead.
An electron-ion collision, in this frame, can be regarded
as a collision between an electron and a harmonic oscilla-
tor of frequency wy.

The temporal evolution of the electron distribution
function in the oscillating frame is described by the Pauli
equation, in which transition probability is evaluated by
the Born approximation, as discussed later.
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The charge distribution of ions is given by
N.

= ¥ Zed(r—r;+rcoswgt) , (7N
j=1

p(r,t)=

where N; is the number of ions. The Fourier transform
of Eq. (7) yields

Ni =4} ik
pkw)=3 3 Ze2wdlw+nawy)i"T, (k-ry)e 7,
j=ln=—o

(8)

where J, (x) is a Bessel function of the first kind.
Since the electron-ion Coulomb coupling constant

dk Y =
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I',; =1, the electron shielding of the ion Coulomb field is
evaluated by the linear-response theory. The electrostatic
potential at a position r is then given by

¢(r,t)=—f (dk do 4me 1

27) 27 k? ek,
Xexpli(k-r—wt)], )

)p(k,w)

where e(k,w) is the dielectric-response function. Substi-
tuting Eq. (8) into Eq. (9) and using an electron trajectory
given by

r(t)=r'+v't, (10)

we have

_ 4Ze? 1 Vs
(I>(r(t),t)——f )} j§1 n=z—co ek, —ncoo) i"J,(k-rplexp( —ik-r; +inwgt Jexp[ik-(r'+v't)] . (11)
The wave-number spectrum of potential fluctuations averaged over a laser period is written as
| 4nze? 1
(|D(k)?)= Jo(k-ro)N;S (k) , (12)
| | n:z—oo kz |€(k’—nw0)|2 " o

where S (k) is the structure factor of the ion, which is defined by

N;

S(k)=NLi<i’j2ilCXP[lk

—r; )]>

and ( ) is the ensemble average over ion configurations.

(13)

The kinetic equation for the electron distribution function in a laser field is given as follows when Eq. (12) and the

Born approximation are used:

af(p) _ 4z ‘
ot J.dkk“ |e

h=—o

, —R®) )2

JHkero)S (K)S(E, s —E,

—ntiwg) f (p+7k)— £ (p)] , (14)

where p is the electron momentum. This equation is nothing but the Pauli equation. Using this equation, we evaluate
the absorption rate of a high-intensity laser in solid density plasmas.

III. NONLINEAR INVERSE BREMSSTRAHLUNG

The electron heating rate by laser absorption is evaluated by

aUk

A p) p* 2dp
dr 2m (2wh)

(15)

We assume that the electron distribution function in the right-hand side of Eq. (15) can be approximated by the Fermi-

Dirac distribution function

(p*/2m)—p

flp)= kyT,

1+exp

(16)

where u is the chemical potential, to obtain from Egs. (14) and (15)

aUk 4Z%*m’%w,
ot ht

1

nikpT, z [k

Here

,,(kro)zf_‘ldeﬁ(krox),

Ll SUF,(koyB,
k3 le(k,nawqy)|? @0

(krg) . (17)

(18)
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# nm k ’
@9
1+ £ — .
PN\ UG T, 2mkgT, | #k 2
F,(k,04)=1In 5 (19)
# nmaogy k
1+ E_ ud
PN T, 2mkyT, | 7k 2 ]
The total electromagnetic energy U is given by
1 | d( woe)
=— | ——E?+B?
8 dw, (20)

where E and B are the electromagnetic field, € is the dielectric-response function, and the bar denotes an average with

respect to time. For o> w,,
=[1—(w,/w,)*]E*
and for wy < @,
=[(w, /a)o)z— 1 ]ﬁ
In the limit of small collision frequency,
@ ]2
@o

The total electromagnetic energy is then given by

d((l)oe) .

dwg

E? /47 for @y> o,

ET/47T((OP Jwg)?

for wy<w,

Dividing Eq. (17) by U of Eqs. (23a) and (23b), we obtain the absorption rate (in s~

32Z2%° 1
4 =" K- kg T, dk—r ————
# 3 B ,,21 fo k3 le(k, nwg)|?
and
1 for wy>w,
K:

(wp/@, )?

for wp<w, ,

(21a)

(21b)

(23a)
(23b)

) as follows:

S(k)F,(k,w,)B, (kry)

(25a)
(25b)

where w, is the plasma frequency, and 7, is the electron-excursion length.

P

Note that this formula for the absorption rate depends upon the electron-excursion length, namely, the laser intensi-

ty.
For wy> @p>
length (in cm ™ !):

32Z%°
 cHtod(w? —w,

LnksT, 3 n fd

172
) r n=1

In the limit of small electron-excursion length,

B, (kry)=2L(kry)?, 27)

Eq. (26) is reduced to the Kawakami’s expression® when
we set by € (k,nwy)=1. In the classical limit (%#—0), this
absorption rate agrees with the expression given by
Dawson and Oberman. ¢

K le(k,nwg)|?

we divide Eq. (18) by the group velocity v, to obtain the absorption coefficient of laser light per unit

S(k)F,(k,w¢)B,(kry) .

IV. NUMERICAL CALCULATION

When ion-ion coupling is not weak, the Debye-Hiickel
model is no longer applicable to evaluate S (k) of Eq. (24).
The ion correlations in high-density plasmas are de-
scribed by some integral equations. Since we are interest-
ed in the parameter region of 1 =T';; <10, we may employ
the hypernetted-chain equation, which is known to work
as a good approximation when the ion-ion coupling pa-
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rameter is not so large.*> We solve the hypernetted-
chain equation to obtain S (k). The HNC equation is
given by

D;(r)

1+h(r)=exp |— T
Bl

+h(r)—c(r) ], (28)

supplemented by the Ornstein-Zernike relation
h(r)=c(r)+n,~fc(|r’—r\)h(r')dr' , (29)

where ¢ (r) is the direct correlation function. The radial
distribution - function of the ion g () and the structure
factor S (k) are related to A (r) as

g(rN=1+h(r) (30
Sk)=1+4n, [ h(re*dr . (31)

In the HNC equation, we use the ion Coulomb potential
Z2%e?/r without electron shielding. The structure factor
S (k) is given by the HNC equation.

The electron-ion and electron-electron couplings may
be weak, and the electron-ion correlation is described by
the linear-response theory. The dielectric-response func-
tion included with the electron degeneracy and local-field
correction is given by the Ichimaru et al.'> When the
local-field correction is ignored, the dielectric response of
the electron degeneracy and collisionless plasmas are
given by

2 —
elky0)=1— 4772e f f(p+7ik) f(zp) 2dp3 ’
ki k> . (2rh)
k-p/m—o+ m —in

(32)

where 7 is the positive infinitesimal. When the collision
frequency is larger than the plasma frequency, this
dielectric-response function of the collisionless plasmas
may not be valid. This problem is discussed in the last
part of this section. We carry out the integration of Eq.
(24) numerically by using the expressions of Egs. (31) and
(32) to obtain the absorption rate A4.

The electromagnetic field amplitude is simply related
to the laser intensity in the vacuum by I
(W/cm?)=(c/87)E*(10”7), where E is in units of
statvolt/cm. However, in the plasma, the relation be-
tween the laser intensity and the electromagnetic field de-
pends on the plasma density. Therefore, we use kpr, or
v /v, instead of the laser intensity, where k, and v, are
the Debye wave number and the electron thermal veloci-
ty, respectively.

The summation in Eq. (24) is taken up to n =n,,,,
where n,, is chosen so as to keep the truncation error
smaller than 1073, However, when v, /v, > 10, a conver-
gence of the summation is not good, and we truncated
the summation at n=350. In such a case, the numerical
results of the absorption rate may be lower by about 20%
than the true values.

For examples, the absorption rate 4 of Eq. (24) is eval-
uated for T, =600 eV, T; =200 eV, Z=10, A (laser wave-
length) = 0.53 um. For electron densities n, =10%! cm 3
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(for an underdense plasma) [case 1(a)] and n, =10%* cm 3

(for a solid density plasma) [case 1(b)], the numerical re-
sults are shown in Figs. 1(a) and 1(b), respectively. Fig-
ures 1(a) and 1(b) show that the absorption rate decreases
when k7, increases and is greater than unity. The criti-
cal values of kpr, where the absorption rate begins to de-
crease are different between the cases 1(a) and 1(b).
Namely, 4 is reduced by the nonlinearities for kpr,>0.5
in Fig. 1(a) and for kpr,> 16 in Fig. 1(b). In order to ex-
plain this difference, we look at the dependence of the ab-
sorption rate on the ratio of the quiver velocity to the
thermal velocity,

UO/Uez(a)O/wp)kDr() . (33)

For cases 1(a) and 1(b), ®, /wy=0.5 and 16, respectively.
Therefore, the critical values of v, /v, are approximately
1.0 for both cases. We can say that the nonlinear effect
reduces the absorption rate significantly when v, /v, = 1.
On the other hand, we show the density dependence of
the nonlinear reduction of absorption rate in Fig. 2. We
introduced the ratio of the nonlinear absorption rate to
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FIG. 1. (a) Absorption rate for case 1(a). The dashed line is
the laser intensity that is given by the relation in vacuum
[I(W/cm?)=(c/8m)E*1077] as a function of the electric field.
(b) Same as (a) for case 1(b).
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FIG. 2. Ratio R for T,=600 eV, T; =200 eV, Z=10, A=0.53
um. The solid, dashed-dotted, dashed, and dotted lines are the
ratios where kpro=1, kpro=5 vy/v.,=1, and vy,/v,=5 are
fixed, respectively.

the linear one,

A

R = (34)
where AL is the absorption rate in the limit of low laser
intensity. Actually, A% is obtained by using Eq. (27).
Figure 2 shows R as a function of the electron density for
various kpry and v, /v,. Other parameters are the same
as for Figs. 1(a) and 1(b). The ratios are almost the same
for the electron density from n,/n.=0.5-500, when
Vo /v, is fixed where n, is the cutoff density. Figure 3
shows R as a function of the v,/v, for T,=600 eV,
T,=200 eV, Z=10, A=0.53 um. When v,/v, =1, the
absorption rate decreases by approximately 30%. Note
here that all of the above discussions on the density
dependences of the nonlinear absorption are restricted to
the case when the electrons are not degenerate. The ab-
sorption rate varies with the density even for a fixed
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FIG. 3. Ratio R for the vy /v, for T,=600 eV, T;=200 eV,
Z=10,A=0.53 pm.
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vy /v, when plasmas are degenerate, as shown in the fol-
lowing.

Shown in Fig. 4(a) is the linear absorption rate Eq. (24)
in the low laser intensity limit as a function of the elec-
tron temperature for Z=10, A=0.53 um, n, =10* cm .
Figure 4(a) indicates that the absorption rate A is propor-
tional to the 52 power of the electron temperature
(T,73/?) in the high-temperature limit, namely in the
weak-coupling limit. When T, is lower than the Fermi
temperature (7T), Fig. 4(a) shows that A increases when
the electron temperature increases until it reaches Fermi
temperature (7). Note that in Fig. 4(a), 7, =36 eV. In
order to see how the nonlinearity depends upon the elec-
tron temperature, we show Fig. 4(b). Figure 4(b) shows R
as a function of the electron temperature for vy /v, =1.0
and 5.0. In the high-temperature limit (7T, > T}), the ra-
tio R is almost the same for the same v, /v, =5.0. Note
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(a) —

Q N *
2 S .
g1t/ AN -
© | A ]
5 N\
3 \\

‘§ 105} . -
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FIG. 4. (a) Absorption rate Eq. (24) as a function of the elec-
tron temperature for Z=10, A=0.53 pm, n,=10* cm 3,
vy /v,=10"% (b) Ratio R for T;=T,/3, Z=10, A=0.53 um.
The solid line is for n,=10* cm ™3 and vy /v, =1. The dashed
lines a, b, ¢, and d are for vy /v, =5 and n, =10?! 10%, 10?*, and
10%* cm ™3, respectively.
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that the dashed and dotted lines overlap each other in the
case of T, >200 eV. However, in the low-temperature re-
gime (T, =T}), where the electrons are degenerate, the
ratios are different for the different electron density. The
reduction of absorption for n,=10* cm™3 (T, < T,=36
eV) is less than that for the low-density case (e.g.,
n,=10?! cm ™ and Ty <T,). Sometimes the nonlinear
absorption rate is even higher than the linear one, since
the removal of the degeneracy occurs by the quiver
motion. Figure 4(b) also indicates that the ratios de-
crease for a fixed vy /v, when the electron temperature in-
creases. For vy/v, =1, the absorption rate decreases by
~20-35% for the electron temperature from 100 to
1000 eV. These results suggest that we can take into ac-
count the nonlinear effects by replacing v, by
(v3/3+v2)!? in the formula of the linear absorption
rate. Namely, the absorption rate is reduced by
R =1/(1+v3/3v2)3/?, which is shown in Fig. 3 by a bro-
ken line.

Note that in the Born approximation, both the initial
and final states of the electron are assumed to be the
plane wave.!! When ionization or recombination occurs
by the laser absorption or by the emission, the Born ap-
proximation breaks down. Namely, the bound-free tran-
sition during the laser absorption has to be appropriately
taken into account. This will be discussed in a future pa-
per.

In the case of low temperature and not so high density
(T is not high), the electron-ion collision frequency can
be larger than the laser frequency. In that parameter re-
gime, the electric-response function used here may not be
valid. Namely, we need to include the electron-ion col-
lision frequency in the dielectric-response function.
However, the formula for the absorption rate Eq. (24)
may be valid even in that case if e(k,w) is appropriately
given.

V. COMPARISON WITH EXPERIMENTAL
RESULTS

We assume a sharp vacuum-solid boundary because the
plasma surface does not expand much in a ultrashort
pulse laser. In other words, we assume that the plasma
scale length is much less than the laser skin depth.

In this case, the reflectivities for s-polarized and p-
polarized laser light are given by

2
k —«
= |- 35
R KT | (35a)
and
2
_ _ _ .2
R = |k —K)cosO—k[1 (l/e)]s%nze ’ (35b)
(k +k)cos@+k[1—(1/€)]sin“O
respectively. Here k and « are the wave numbers,

k =wqy/c and K=w0/c(n2—sin29)1/2, in the vacuum and

a plasma, respectively, where n is the complex index of
refraction and 6 is the angle of incidence.

We assumed that the complex index of refraction is
given by the Drude model. In this model, the complex
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index of refraction n is given by n*=1+id7o /w, where
o is the complex conductivity such that o =0, +0o;, with
o,=(v/4m)§ and o, =(wy/4m)§, with §=(u12,/(a)%+v2).
Here v is the electron collision frequency, w, is the laser
frequency, and ®, is the plasma frequency
(0} =4mn,e?/m). In high-density plasma (n, > n,, n. is
the cutoff density), the electron collision frequency is
determined consistently with our expression of the laser
damping rate (laser absorption rate). When the electron
temperature, the ion temperature, the effective ion
charge, and the number density of the electron are given,
A is estimated by Eq. (24) and the electron collision fre-
quency is given by v= 4 for vy, <w,.°

We compare our theoretical results [Eqs. (35a) and
(35b) with Eq. (24)] with the recent experimental results
of the ultrashort-pulse-laser plasma interaction.! In the
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> ! et
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% 0.4} o
o«
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i 1 1 1 i
1011 1012 1013 1014 1015
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] 1 ] 1
T, (eV) 0.8 2.26.3 19 40 65 105
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FIG. 5. (a) The experimental results (Ref. 1) showing the
reflectivity as a function of laser intensity. (b) The calculation
results showing the reflectivity as a function of the laser
intensity.
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experiment, the laser wavelength is 0.308 um, the angle
of incidence is 45°, the electron temperature was mea-
sured, and the effective ion charge was obtained by as-
suming local thermal equilibrium (LTE). Actually, we
calculated the reflectivity as a function of laser intensity
for a solid density aluminum plasma. Here the ion tem-
peratures are assumed to be one third of the measured
electron temperatures. The experimental results and our
results are shown in Figs. 5(a) and 5(b), respectively. The
theoretical results reproduce the experimental results for
s-polarized light, in which the reflectivity decreases when
the laser intensity increases from 10! to 10'* W/cm?, and
it is constant for the laser intensity (10'*-10'> W/cm?).
Physically, the decrease of the reflectivity in I <10
W/cm? is explained by the removal of the degeneracy.
Namely, more electrons contribute to absorbing the laser
radiation when electrons become nondegenerate by laser
heating. In the intensity region 10'* <71 <10', the elec-
tron temperature increases from 40 to 105 eV, and the
aluminum ion charge increases from Z=3 to Z=6. Al-
though the increase of Z enhances the absorption rate,
the increase of the electron temperature and the quiver
velocity reduces it. In this intensity regime, these two
effects compete with each other and keep the absorption
rate constant. However, the present model does not ex-
plain the differences of the absorption rate between s- and
p-polarized light. It is probably necessary to take into ac-
count the resonance!* and/or the quasiresonance'® ab-
sorption to explaining the laser intensity dependence of
the absorption rate on the p-polarized light.

VI. DISCUSSION ON THE VALIDITY
OF ASSUMPTIONS OF THE PREVIOUS SECTION

In this section, we discuss the validity of three assump-
tions which were made in the comparison of theoretical
results with experiment. They are the stepwise density
profile, uniform temperature, and local thermal equilibri-
um.

A. Density profile

The laser pulse width is a few hundreds of fem-
toseconds. Therefore, the density scale length of the ex-
panding surface plasma is less than 0.1 um, which is
shorter than the collisionless skin depth of the laser light.
Therefore, the plasma density profile is approximated by
a stepwise density profile for evaluating the inverse
bremsstrahlung absorption rate, although the resonance
absorption is more sensitive to the density scale length at
the cutoff surface. This is the reason why the agreement
of our absorption rate with the experimental results for
p-polarized light is poor.

B. Temperature

We use the electron temperature, which is deduced
from the experimentally measured expansion velocity. In
the numerical analysis, the plasma temperature was as-
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sumed to be uniform over the skin depth. This assump-
tion may be justified when the heat wave penetration
depth dy is longer than the skin depth d;. The depth d
is approximately evaluated by

dr=V'tk/n kg . (36)

For T,~10 eV, k~5X10? erg/cmsec deg (Ref. 16) and
t=0.5 ps, dr=0.05 um, which is the order of the skin
depth. Therefore, the temperature distribution can be as-
sumed uniform for T, 210 eV. On the other hand, when
T, =10 eV for low intensity irradiation, the temperature
may not be uniform. Therefore, the detail results on ab-
sorption of the low-intensity laser (I <10'3> W/cm?) may
depend upon the electron heat conduction process. How-
ever, the qualitative result, such as the intensity depen-
dence of the absorption rate, may not change, because the
absorption occurs mainly on the target surface, whose
temperature is experimentally measured.

C. Atomic process

As for the ionization process, we assumed that the re-
laxation times of ionization, recombination, excitation,
and deexcitation processes are much shorter than the
laser pulse length. For a solid density plasma, the elec-
tron impact ionization rate is greater than 10'* sec™!.
Therefore, the relaxation times of ionization processes
may be shorter than 100 fs. On the other hand, the elec-
tron impact excitation rates are much higher than the
ionization rates. Therefore, the short laser pulse effects
are not important. Furthermore, in the present plasma
parameters, the temperature is not so high and the densi-
ty is so high as to keep collisional excitation rates much
higher than radiative decay rate. Therefore, the non-
thermal-equilibrium effects may not be essential in the
present analysis.

VII. SUMMARY

We derive a kinetic equation for the electron distribu-
tion function in a high-density plasma which is heated by
an ultrashort-pulse laser. Taking the energy moment of
the kinetic equation, the absorption rate of a high-
intensity laser light in the high-density plasma is evalu-
ated. In the calculation, ion-ion correlation and electron
shielding are taken into account by the HNC equation
and the Lindhard dielectric-response function, respective-
ly. Consequently, the absorption rate decreases in the
high-intensity range, namely, v, /v, > 1. When v, /v, =1
and 5, the nonlinear effects reduce the absorption rate to
about 20-35 % and less than 10% of the linear absorp-
tion rate, respectively.

The experimental results for the ultrashort-pulse-laser
interaction with plasmas are qualitatively analyzed by us-
ing the Drude model with our formula for the absorption
rate. Consequently, we found that the reflectivity in the
intensity range of I <10 W/cm? decreases due to the
reduction of electron degeneracy, and the reflectivity is
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constant for I =~10"-10" W/cm? When I~10"*-10"
W/cm?, the effects of the increase of the ionization rate
and the electron temperature increase compete, and the
absorption rate is kept constant. However, further study
is necessary to explain the intensity dependence of the ab-
sorption rate of p-polarized light.
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