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Abstract—A simple model isdeveloped for describing the interaction of intense femtosecond laser pulseswith
solid-state targets which isbased on a set of equations of two-temperature hydrodynamicsfor electronsand ions
of aplasmaformed upon ionization of the target matter, equations describing the variation of ion composition
of plasma upon ionization and the heat energy expenditure on thermal ionization, and equations defining the
energy contribution by laser radiation to the target matter. A self-similar solution is suggested which well
describes the heating of plasma electrons during the time of effect of afemtosecond laser pulse in awide range
of its parameters.

Lagrangian computer codes developed for this purpose are used to derive, in a one-dimensional approximation,
a numerical solution for the set of equations for the parameters corresponding to femtosecond experimental
facilities under development in Germany and Russia. Profiles of hydrodynamic quantities (electron and ion
temperature, plasma pressure and density, mean ion charge) obtained in the numerical solution at different
moments of time may be used for preliminary assessment of the results of future experiments with aview to

optimizing their parameters.

INTRODUCTION

Extensive investigations are presently under way the
world over of the interaction between matter and
intense femtosecond laser pulses with an energy flux
density of the order of 10'* W/cm? and higher. This is
associated with both the fundamental aspects of the
behavior of matter in ultrastrong laser fieldsand various
applications such as the devel opment of new sources of
X-ray radiation, the study into the canalized propaga-
tion of laser pulses in waveguide structures, and the
laser generation of shock waves. In view of this, Rus-
sian researchers are presently devel oping close cooper-
ation with foreign research centers with operating fem-
tosecond laser facilities (Israel) and with those under
construction (Germany); at the same time, a Russian
experimental femtosecond facility is under construc-
tion at the Institute of High Energy Density (IHED) in
M oscow.

Because of serious difficulties presented by the
diagnostics of the state of matter during ultrashort
(femto- and picosecond) times and high material costs
of such experiments, the theoretical (both anaytica
and numerical) methods of describing the interaction
between femtosecond laser pulses and matter are gain-
ing in importance. In the general case, the problem is
very complicated, because it invol ves the description of
the processes of absorption of the energy of laser radi-
ation in the target matter, of optical and thermal ioniza-
tion of thetarget matter under the effect of alaser pulse,
of heating of the plasmabeing formed and accompany-
ing phase transitions, of hydrodynamic flows, and of

plasma radiation. For this reason, the initial stage of
investigations consists in constructing models which
offer the smplest way of estimating the importance of
various physical phenomena occurring as a result of
irradiation of atarget and of estimating the parameters
of plasma being formed, such as the density, tempera-
ture, pressure, and ion composition.

It is our objective to construct such models (both
analytical and numerical) and use them to perform pilot
investigations of the effect made on an aluminum target
by laser pulses with parameters corresponding to those
of femtosecond facilities under construction, DESY
(Hamburg, Germany) and IHED (Moscow, Russia).

1. PHYSICAL MODEL

We will treat the following problem. A linearly
polarized laser pulsewith aduration of 10fs<t,<1ps,
peak intensity of 103 W/em?> <1, < 10'® W/cm?, and
wavelength of 10 nm <A, < 10 um. Itisrequired to find
the hydrodynamic characteristics of the plasmaformed
on the surface of a solid target under the effect of such
a pulse, namely, the electron and ion temperature, ion
composition, density, degree of expansion, and pres-
sure. These quantities must be determined both during
times of the order of laser pulse duration and during
much longer times when the shock wave propagating
deep into the target begins to overtake the ionization
wave. In constructing simple physica models which
enable one to estimate the parameters mentioned
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THE GENERATION OF A DENSE HOT PLASMA

above, we will proceed from the following simplifying
assumptions.

It is known [1, 2] that complex processes of lattice
melting and of boiling and evaporation of the liquid
being formed occur when solids are affected by laser
pulses of moderate peak intensity 1., = 10°-
102 W/cm?. At the same time, calculations reveal that,
in the case of more intense laser pulses (1, ~ 10"~
10'*W/cm?), the characteristic temperature of the
resultant plasmais of the order of 10 €V; inview of this,
theforegoing processes may beignored at least in afirst
approximation. In the case of higher laser intensities
(I max = 10'* W/cm?), the characteristic plasma temper-
ature turns out to be of the order of 100 eV and higher;
in this case, the resultant plasma, in spite of its high
density (of the order of solid-state), in a first approxi-
mation may be treated asideal.

During the time of effect of a subpicosecond laser
pulse, the plasma expands to a distance that is much
less than the wavelength, so that the laser radiation is
largely absorbed in the supercritical region. In so doing,
subpicosecond times are not sufficient for various
plasma instabilities to develop.

No electric fields are present along the gradient of
plasma density in one-dimensional geometry or for an
Spolarized laser pulse. Therefore, the generation of hot
electrons may be ignored.

The basic equations of the devel oped physical model
are given below with due regard for the foregoing.

1.1. Set of Hydrodynamic Equations

In order to describe the effect of laser radiation on
solid-state targets with due regard for the processes of
absorption of the energy of laser radiation, ionization,
heating and scatter of the target material, and electron-
ion relaxation, we will use aset of hydrodynamic equa
tions for the total concentration of atoms and ions n,,,
the velocity of hydrodynamic motion of quasi-neutral
plasma U, and the energy (per particle) of electrons e®
and ions €°", which consistently takes into account the
ionization processesin matter [3],

on .
—a-ti“ +div(ngU) = 0, (1)
0
[a + UV}U
1 . (2)
jon m ~ 2
= -V —
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Here, n, = :”: oNg» Where n, is the concentration of
ions subjected to g-fold ionization (n, is the concentra-

tion of neutrals) and z, is the nuclear charge. The elec-
tron concentration in the approximation of quasi-neu-
trality of the plasmabeing formedisn=2Zn,, whereZ=
Ny Z?: 9Ny isthe mean ion charge. In Egs. (1)—(4),
P and P denote the electron and ion pressure, p =
n, My, isthe density, and mand m,, denotethe electron
and ion mass, respectively;

Q" = 3(M/Mmg)nvg(T-T™) (5)

isthe density of the power transferred from electronsto
ionsin their collisions (electron—on relaxation), where
T and Ti°" denote the electron and ion temperature, and
V. IS the characteristic frequency of electron—-ion colli-
sions. Theamplitude of oscillatory velocity of electrons
in alaser field with the intensity envelope E, is defined
as Ve = €, [/[mwy], where wy, = 2TIC/A, is the laser fre-
guency. The density of inverse-bremsstrahlung heating
is described by the equation

Qg = I koIm{ €} |El/EL|2
= (1/2)nvgK,(V)mV?,
in which k, = wy/c is the vacuum wave vector of radia-

tion, E, = ./81tl /c is the vacuum amplitude of the
field, I is the intensity of laser radiation, and € is the
permittivity. Expression (6) for Q,z is valid in the
approximation of weak spatial dispersion of permittiv-
ity, i.e., at not too high temperatures (T < 1 keV), when
the electron-transit time in a field nonuniformity of a
characteristic size is much longer than the characteris-

tic time of electron—on collisions ~vgfl . The functions

K,(v) and Ky(v) appearing in Egs. (2), (3), and (6)
have the form

(6)
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The heat flux density is
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where the factor Kk, = [1 + 4.79/Z — 6.02/Z> + 9.13/2° —
4.65/7*1! allows for the effect of €l ectron—electron col-
lisions on the thermal conductivity coefficient. Expres-

VT, (7
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sion (7) implies that the heat transfer is performed by
electrons. As was demonstrated by Fraenkel et al. [4],
the radiation heat transfer may play an important part
for heavy elements (under experimental conditions of
[4] —BaF,, z,(Ba) = 56). Theterm Q, on the right-hand
side of Eq. (3) characterizes the expenditure of energy
for thermal ionization,

Un

QJ = z [nq—lwtqh_anq] Uq- (8)
g=1

Here, Uy, is the g-fold ionization potential, W is the
total frequency of g-fold thermal ionization, and R, is
the total recombination frequency. The tota rate of
thermal recombination in Eq. (3) is determined in the
form

s= z[nq Wi =Ry ©)

Set of equations (1)—(4) isderived in the approxima-
tion of relatively low intensity of the high-frequency
laser field which affects matter, i.e., when the condition

ZIVElPI1+ (vl o) < V7, (10)

isvalid, where V., = 4/ T/m isthethermal velocity. This
approximation is justified in the bulk of the thermal
wave propagating into the target, where the field is low
because of the skin effect. The violation of this approx-
imation in the skin is taken into account by substitution

of the quantity vk, for the effective collision fre-
guency V., Where

= 1—0.553[1 +0.27

4T (11)

Zm|\V E|

X

[1+ (V) ]}

is Langdon’s correction [5].

For closure of Egs. (1)—(11), one must calculate the
envelope of the intensity of electric field in matter E,,
as well as determine the ionization state of the plasma

being formed by calculating the quantities n,_, W;h,
and R, (see below). In addition, one must determine the
form of the equations of state P = P(n, T), Plr =
Plon(n TIOH) and eel eel(n T) elOIl — e\on(nat, Tlon) and
cal culatethe collision frequency v. Notethat the set of
equations (1)—4) and expressions (5)—(9) for the
guantities appearing in these equations are derived,
strictly speaking, in the approximation of an ideal two-
temperature plasma. In this case, P = nT, P°" = n, T°",
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e = 3T/2, € = 3Tn/2, and the effective frequency of
electron—on collisions v has the form

Vg = 4/2mnze*AI[3./mTY7].

In Eqg. (12), e is the magnitude of the electron charge
and A is the Coulomb algorithm, which may be conve-
niently written for aweakly nonideal plasma as

A= In{1+(3ITp)3}, Tp =z (rpT),

= JT/(4Tn€%),

where [ isthe Debye nonideality parameter, and rp, is
the Debye radius.

In order to include the effects of plasma nonidedlity,
one must first of all adjust the value of the collision fre-
guency v, which defines both the laser radiation energy
to be absorbed (see formula(6)) and the heat flux given
by Eq. (7). The effective frequency of electron—ion col-
lisions v,; given by expression (12) increases indefinitely
a T — 0andisapparently invalid at low temperatures.
Attemperatures T < 34 eV n, /6 x 107> cm3)(Z/10)°, the
electron free path |, ~ Vy./vi; (Vs = (3TY32)v,; IS the
effective low-frequency rate of collisions, v is calcu-
lated by formula (12)) becomes shorter than the mean

distance between ions F = 3/3/(41n,) . Under these
conditions, the collision frequency may be estimated by
the cell model of plasma[6] asv = v, /[2T ] with v,, =
v(1 + JT,.), where v is the magnitude of the electron
velocity and

(12)

= 4(z/10)"° (13)

isthe parameter of electron—on interaction for ahighly
nonideal plasma. We assumethat ", > 1 to derive

v=v,[T,/[2r] = w,/./6,

where wye = JATne’/m is the plasma frequency. In
performing numerical calculations, the quantity
wpe/Jé was the upper limit of the electron collision
frequency. In the region of even lower temperatures,
i.e., below the Fermi temperature Tr = (312N)¥3A2/(2m),
thefollowing formulamay be used for the effective col-

lision frequency in a metal plasma, written in view of
the effect of electron—electron collisions[7]:

VEV[1+ T /(TTN; v OT™%,  (15)

where v, is the electron—phonon collision frequency.

In addition to adjusting the expression for the colli-
sion frequency at low temperatures, one must further
include the variation of the expression for the specific
electron energy. At T < Tg, the energy €/(T) = eﬁm =

(T8/4)T?/Te. In the caculations referred to below and

e = 2Z€/[mv7r]

(14)
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performed in a wide temperature range, the following
approximation expression was used:

¥ (T) = €5 /3/(e2e)’ + (),

where €] = 3T/2. Note that, although the described

model is rather approximate in the low-temperature
region when the plasmaishighly nonideal, indirect data
are available which indicate that this model is capable
of adequately describing both the coefficient of absorp-
tion of laser radiation in the target (see Section 1.2
below) and the heat wave propagating in the target (see
Part 2). The latter fact is due to the fact that, as was
demonstrated by relevant calculations, under condi-
tions of peak intensity of laser radiation I, >
10'*W/cm3, the electron temperature is close to or
exceeds 100 eV in the bulk of the heat wave during
most of the time of laser pulse effect on the target.
Under these conditions, one can expect that the plasma
nonideality will have an insignificant effect on the basic
parameters, namely, the maximal temperature and the
characteristic width of the heat wave, although it may
strongly affect the shape of the leading front of the heat
wave, where the plasmais aways highly nonideal.

Above, we discussed the electron component of
plasma. As to the ion component, because T" < T, it
may be highly nonideal even when the electrons arein
the state of ideal gas. Nevertheless, smple reasoning
reveals that the choice of equations of state for ions
must not have a strong effect on the parameters of the
heat wave propagating in the target, at any rate, during
times less than a few picoseconds. Indeed, the absorp-
tion of laser radiation energy and the heat transfer are

largely accomplished by electrons.t However, the time

of electron-ion relaxation of energy 't = 2v;f1 nym,,

(see formula (5)) significantly exceeds the duration of
subpicosecond laser pulses; therefore, the ion energy
and pressure under these conditionswill be much lower
than those in the case of electron gas. The foregoing is
further associated with the fact that the electron con-
centration is Z times the ion concentration. For these
reasons, the ion component has almost no effect on the
electron gas energy throughout the subpicosecond laser
pulse and, therefore, the exact form of theterms €°" and
Pion isof noimportancein this case. For arough estima-
tion of the degree of heating of the ion component,
expressions corresponding to the ideal gas approxima-
tion may be used for these terms.

1 This is characteristic of short subpicosecond laser pulses with
S-polarized radiation. Demchenko and Rozanov [8] have demon-
strated the possibility of effective absorption of energy by ions
for longer P-polarized laser pulses, which arises under conditions
of development of strong oscillation of plasma density in the
neighborhood of the critical point.
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1.2. Description of Absorption of Laser Radiation

To determine the density of absorbed power given
by Eg. (6), one must calculate the electric field inten-
sity. We will assume that the electric field gradient
exists only in one dimension along a normal to the tar-
get surface (x axis); this presumes a not too sharply
focused laser pulse whose transverse dimension
exceedsthe characteristic longitudinal dimension of the
region of field localization (as arule, ten nanometers or
less). We will assume the laser pulseis S-polarized and
incident on thetarget surface at an angle 6 to itsnormal.
Inthiscase, assuming the spatial dispersionissmall, we
will find that the envelope of the electric field intensity
E, = e E isdetermined from the solution of the problem

O°E/9x% + K2[e(x) — Sin*(B)] E(x) = O,
0E/0x(x = +0) = [2E,—E(x = +0)]ik,cos(8); (16)
E(x=) = 0.

Here, the permittivity € for an ideal plasmais described
by the expression

e(x) = 1-[n(x)/n [K1(V(x))

—i (Ve (X)/ o) Kp(V(x))].

ThefunctionsK, and K, determined in Section 1.1 exhibit
the asymptotic behavior K,(v — 0)=K, (v — 0)=1
and K,(V —» o) ~ (315/8)/V2, K,(V —> ) ~ 6/V2,
whereformula(17) reducesto the well-known casesfor
the normal high-frequency and normal low-frequency

skin effects, respectively. For a metal, the permittivity
isfound by the Drude phenomenological formula,

e(x) = 1-[n(x)/ng]/[1+i(v(X)/w)] (18)

with the frequency v calculated by formula (15), where

n.= nwj/[4T€"] is the criticadl concentration. The
approximation transforming to formulas (17) and (18)
in the extreme cases is used in the intermediate region.

Equations (16) may be used to find the absorption
coefficient A=1 -1,/ (I, isthe intensity of radiation
reflected from the target),

00

A = (ko/cos(8)) J'Im{s(x)} |E(X)/E/J?dx.  (19)

(17)

Thisquantity may also be found from the conditions
of continuity on the plasma—vacuum interface of the tan-
gential components of eectric and magnetic fields as

A = 4cos(8)Re{ g [ cosp )+ 17,
L = iko[OINE/OX] s = 20,

where  is the impedance dependent on the field distri-
bution E(x > 0) within the plasma. Comparison of the
results of calculation of A by formulas (19) and (20)

(20)
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Fig. 1. The absorption coefficient A of an auminum plasma
with a stepped boundary as a function of electron tempera-
ture T: (&) Ag = 0.4 um, normal density; (b) Ay = 1.06 pum,
normal density; (c) Ay = 0.4 pm, 0.1 normal density;
(2) results of [9]; (2) model (20), (21), (17), (18); (3, 4) appro-
ximation (23),3—V > 1,4-v << I; (5) approximation (24).

enables one to check the accuracy of the numerical
solution of wave equation (16).

Under conditions of aweak spatial dispersion for a
homogeneous plasma with a stepped density profile,
the impedance may be calculated by the formula

Z = 1/Je—sin’().

We substitute the permittivity given by Eqg. (17) into
(21) to derive from formula (20) the following expres-
sion for the absorption coefficient of ahot plasmaof solid-
state density with the eectron concentration n > n.;

A = c08(0)2./2(wy/wye) Kz — Ky /K,

Ky = JK2+ VK2,

21

(22)
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In two extreme cases of normal low-frequency skin
effectat v > 1 and normal low-frequency skin effect at
v < 1, it follows from Egs. (22) that

%08(9)./8(A)0V”/00pe, Vi = (3TU32)vy
A= H) > 1
cos(8)2v 4/ w

(23)

e V<1

Figure 1 gives, for a homogeneous auminum
plasma, the results of calculation of the absorption
coefficient A of normally incident (6 = 0) laser radiation
by the aforementioned model (20), (21) under condi-
tions of normal skin effect (i.e., disregarding the spatial
dispersion) with the permittivity given by Egs. (17) and
(18) in the region of degenerate plasma and with the
collision frequency determined in the respective
regions by formulas (12), (14), and (15). The results of
a more exact calculation in view of the spatial disper-
sion and absorption in a nonideal plasma, borrowed
from [9], and analytical approximations (23) are also
given in Fig. 1. The value of the average ion charge
was calculated by the Saha model with a* cut-off” (see
Section 1.3).

The results of comparison of curvesin Fig. lalead
one to conclude that the suggested simple model ade-
guately describes the absorption coefficient in a wide
temperature range. Respective estimates (see, for
example, [3]) demonstrate that the collisionless absorp-
tion in modes, where the spatial dispersion is signifi-
cant (the so-called modes of sheet-inverse-bremsstrahl-
ung and anomal ous skin effects, see [3]), in the case of
short-wave laser pulses becomes significant only at
rather high temperatures in the vicinity of 1 keV. The
inclusion of collisionless absorption at high tempera-
tures in the calculation [9] leads to somewhat higher
values of the absorption coefficient compared to those
obtained by the model described in Section 1.2 (see the
solid and dashed curvesin Fig. laat T > 800 €V).

The calculation results in Fig. 1a further demon-
strate that the limiting formulas (23) extensively usedin
the literature produce an inadequate accuracy of calcu-
lation of the absorption coefficients for the parameters
of the problem being treated. However, the use of the
approximation formula

A = 0.5k /A A, (24)
where A; and A; are the limiting absorption coefficients
of Eq. (23) at v > 1 and v < 1, respectively, enables

one to adequately describe the absorption coefficientsin
awide range of parameters of the problem (see Fig. 1).

In formula (24), the parameter K, is the so-called
variation factor of absorption. It is equal to the ratio of
the absorption coefficient for an expanding inhomoge-
neous plasma of the target being irradiated, when the
nonlinear field dependence of absorption is taken into
account using the Langdon correction (11), to thefield-
No. 5
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linear absorption coefficient for a homogeneous semi-
infinite plasma of the same maximal temperature and
solid-state density. The data in Fig. 1 were obtained
with the coefficient k, = 1. For areal plasmaformed on
the surface of a solid-state target irradiated by a laser
pulse of an intensity in excess of 10'* W/cm?, the coef-
ficient kK, weakly depends on time at t > 10 fs and may
be taken to be K, = 0.4 (see [3]). The fact that, for an
expanding plasma and/or significant values of laser
intensity, K, < 1 is associated with the decrease in
absorption due to a decrease in the effective collision
frequency because of a drop of the plasma density
(expansion) or because of the presence of the Langdon
correction (11). Note that the choice of the coefficient
K further enables one to take into account the fact that
itisnot the entire energy of laser radiation that converts
to the energy of therma motion of electrons: a signifi-
cant part of the absorbed energy transforms to the
energy of hydrodynamic motion of plasmaand is spent
to perform ionization [3, 10].

1.3. Description of lonization of Matter

The dynamics of heating and energy transport in a
plasma formed upon stimulation of a target by an
intense laser pulse largely depends on the average ion
charge which affects the kinetic coefficients. In addi-
tion, the expenditure of energy to ionize matter may
affect the distribution of absorbed energy in matter.
This defines the need for self-consistent inclusion of
ionization processes in describing the effect of radia
tion on matter.

In order to determine the quantities S Q;, and Z
entering Egs. (2) and (3), one needs to calculate the

total ionization frequencies Wy, the total recombina-

tion frequencies R;, and the concentrationsn, _; of ions
with the degree of ionization q — 1. Equations for n,
may be written as

any/ot + div(nU) = S,
S‘h = W;hnq_1+ Rq+1hq+1_(Vv;h*'l+ Rq)nQ’

h _ th h _ \ath
3) = Ryn; —Winy, Sn =W;n, —-R.n

(25)

L. (26)

Zy

Z (W;hnq—l - anq)’
q=1

S = Zq%h =
q=1

where W;h and R, denote the total frequencies of ther-

mal ionization and recombination, respectively, aver-
aged over energy levels. Theionization and recombina-
tion frequencies and the level distribution of ion popu-
lations are defined by the plasma composition,
temperature, and density and by the parameters of the
electromagnetic field irradiating the plasma, namely,
the wave intensity and length.
HIGH TEMPERATURE  Vol. 41
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In the case of low electron temperatures (up to
10 eV), the determining processes will be those of opti-
cal ionization of matter in the electric field of laser

wave decaying in the skin of the target.?

Estimation of the role of optical ionization of
matter. To obtain alower estimate of the degree of opti-
cal ionization of the surface layer of a target, we will
ignorethe decreasein theionization potential in adense
plasma and treat the approximation of isolated atom,
the theory of whose ionization isfairly well developed.
Such an approximation is justified in the case of multi-
pleionization of ionswith high ionization potentials.

We will use the simple model suggested by Krainov
and Manykin [11] for the ionization of medium and
heavy atomsin a steady-state electric field. The steady-
state field approximation is valid under conditions of
tunnel ionization where the electron-potential barrier
collision frequency exceeds the ionizing field fre-
guency. In so doing, the Keldysh parameter is yx =

wy./2mU , /eE < 1, which enables one to substitute the

envelope of the intensity of variable field E into the
respective formulasfor a steady-state field. In the mode
of multiphoton ionization with y, > 1, the optical ion-
ization frequency turns out to be higher than it follows
for theformul as derived for the mode of tunnd ionization;
therefore, the formulas given below will in this case pro-
vide alower estimate for the degree of ionization.

We follow Krainov and Manykin [11] and assume
that the electrons being ionized are in the field of
“mean” ion with the degree of ionization K = Z/z, (Z is
the ion charge), described by the self-consistent Tho-
mas—Fermi potential U,,

Oz o)/ -2Z€%r,, r<r,

] 27
O-ZeIr,

Uy
r>r,.

Here, r, is the radius of an ion with the degree of ion-
ization K and ¢(x) is the solution to the problem

¢ = @%Jx @0) =1, @X) =0,
XK(pI(XK) = K,

(28)

where x = r/b, X, = /b, b = (1/2)3104)Pagz " =

4.66 x 10°Z,"° cm, and ag is the Bohr radius. In the

potential given by Eq. (27), the electronsfill the energy
states from —« to U; = —Z€e*/r,.. In the presence of an

electric field with the intensity amplitude E, the poten-
tial U, changes to the potential V, = U, — erE, which

has a maximum with energy V, = —2e./eZE. In so
doing, al electrons of energy from V,, to U; are ionized,
with the ionization proceeding until the Fermi energy

2 Note that the quantity Q;in formula (3) describes the expenditure
of energy on thermal ionization of matter, which is zero in the
case of optical ionization.
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Fig. 2. The average ion charge for a silicon plasma formed
in the case of tunnel ionization of the target surface: solid
curve, Ag = 1.25 pm; dashed curve, 0.62 pm; dotted curve,

0.2 um.

U; becomes equal to V,,. The dimensionless ion radius
X, = r/bisfound from the condition of equality of U;
and V,,; after that, relations (28) are used to derive the
equation for the degree of ionization K = Z/z,. In con-
trast to [11], we will take into account the fact that, in
the plasma of ahigher-than-critical concentration form-
ing on the target surface, the field on the interface with
vacuum E(x = + 0) is approximately w,e/[2uy] times

lower than thevacuum field E, = /811l /c (inthemode

of high-frequency skin effect). As aresult, we find that
the dimensionless ion radius X, and the degree of ion-
ization K are defined by the equations

= k¥ /2124, n=1"2A"n"2RC (29)
2.124JK1’2n +@(J¥?ni2.124) = 0. (30)

In Egs. (29) and (30), @isfound from the solution given
by (28) and n is a dimensionless parameter written in
the following dimensionless units convenient for what
will follow:

- A n
1pm 6 x 10 cm
| T (31)
I_lolgw/c 2 T_leV' ! 1fs

Figure 2 givestheresults of calculation, by formulas
(28), (29), and (30), of the average ion charge Z = Kz,
for silicon as afunction of the energy flux I, of alaser
pulse. The calculations were performed for three wave-
lengths: 1.25, 0.62, and 0.2 pum.

It follows from Fig. 2 that, at I, ~ 10'* W/cm?, the
average charge of dlicon ions is Z ~ 1-2, and, at
[, ~ 10" W/cm?, Z ~ 3.5-6.5. The wavelength depen-
dence of Zisin this case associated with thefield atten-
uation coefficient wy./[20y]. At the same time, the
guasi-stationary model of thermal ionization discussed
in the subsequent section enables one to aobtain the
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same values of the mean ion charge Z = 1.8 even at a
temperature of the order of 20 eV, and Z = 6 at
T=75¢eV.

Therefore, asthetarget isheated, the thermal ioniza-
tion will have asignificantly greater effect. In addition,
the part played by thermal ionization is especially
important deep within the target at a distance from the
surface that exceeds the skin depth, where the electric
field of laser radiation, along with the probability of
optical ionization, goes to zero.

Quasi-stationary model of thermal ionization.
When the processes of ionization and recombination

are almost compensated, i.€., therate § of variation of
ion concentration with the degree of ionization g turns
out to be much lower than both the total ionization rate
and the total recombination rate, the quasi-stationary
model of ionization n, = Ng{T(t), ny(t)} may be
employed. According to Egs. (26), this calls for the
validity of the inequalities W' n,_, — Ryngl < Wg' ng_1,
Ryn,- For this case, we rewrite Egs. (25) in the form

Sy'= (A /dT)[3/dt + UV] T

+divU[n,—ngon,/ong]
where the values of concentration ng are determined
from the equalities Wy 'n,_, = Rjng, 4= 1,2, ..., Z,, to

derive from Egs. (3) and (8) the equation

0

E§+C|1+C|ZD [0

—(1+Cy)nTdivU +Q',

% q
_ 1 ong _
Ca= 1Y 3Ty Un Ce-
g=1 k=1

g=1
a(n ng)

5 S 5 )

Used for simplicity in (32) is the equation of state
for ideal gas; the small term proportional to [Vg[’'Sis
omitted.

One can seein Egs. (32) that the coefficients C;, and
Ci, may be treated as “ionization heat capacities,” and
the coefficient C; is significant only in the regions with
divU £ 0.

In order to find these coefficients, we must con-
cretely define the form of the dependence ny{T(t),

n, (1 }; for this purpose, we take into account the fol-
lowing. The plasma formed on the surface of a target
irradiated by a subpicosecond laser pulseisan optically
thin medium; i.e., its thickness is much less than the
photon path defined by bremal radiation is only emit-
ted, but is not absorbed in the plasma; as a result,

sTw on, (2

2n 2. 95T
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Wy, = no; vOand Ry, , = Mo, | viv,[H Ky | +
NKy_,,» where o and Or.., denote the cross sections
of impact ionization and triple recombination, respec-
tively, angle brackets indicate averaging over electron
velocities, and kg, and K, are the coefficients of
dielectronic and radiation recombination, respectively
[12]. Thedielectronic recombination may be significant
only in the case of a superdense (with a higher-than-
solid-state density) plasma [13], and the radiation
recombination frequency estimated by Seaton’s model
[14] is low compared to the three-particle recombina-
tion frequency for a high-temperature (T = 10? eV)
solid-state plasma. Therefore, we can assumethe valid-
ity of the inequality Ko, + Ky, = nl]Jiq+1V1V2E|
which makesit possible to describe the ionization equi-
librium by the Sahamodel with n, determined from the
equalities

Ng+1/Ng = (Gq+1/9q)[2/(A°n)] exp(=U,. o/ T),
qg=1,...,z,.

(33)

Here, A=%./21/(mT) isthedeBroglie wavelength
of electron and g, is the statistical weight of the ground
state of an ion with the degree of ionization q (we
ignore the populations of excited states).

In the case of transition from lithium-like to helium-
likeion, theionization potential abruptly increases, and
the rate of ionization abruptly decreases; thismay limit
the validity of the steady-state model. In this case, the
forbiddenness of the ionization of helium-like ion is
justified, when g in expressons (33) runsfrom1to z, -2,
and theion concentrations n, _, and n, aretakentobe

zero. This model will be referred to as the Saha model
with a*“ cut-off.”

The electron temperature dependence of the average
ion charge Z, “ionization heat capacities’ C,;, C,, and
coefficient C;, calculated by the Saha model and by the
Saha model with a cut-off for an aluminum plasma of
solid-gtate density (n,, = 6 x10?> cm?) isgivenin Fig. 3.

Kinetic model of thermal ionization. In accor-
dance with the foregoing, we will assume the processes
of radiation and dielectronic recombination to be of no
significance and treat the unsteady-state plasma
dynamicsin view of only the collisional ionization and
recombination processes. In so doing, we will use the
well-known mean ion approximation within which it is
assumed that a plasma contains only one sort of ions of
concentration n, obeying the continuity equation (1)
and continuously varying as aresult of ionization by a
charge Z. We take into account the three-particle
recombination with the aid of the detailed balancing
principle and use the semiempirical formula of Lotz

[15] for the rate of impact ionization Ki, = nBJiquto
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Fig. 3. (1, 1') The average ion charge Z, ionization heat
capacities (2, 2') Cj; and (3, 3) Cj,, and (4, 4') the coeffi-
cient C; for an auminum plasma of solid-state density
(N = 6 x 10?22 cm™); (1, 2, 3, 4) Sshamodel, (1, 2, 3, 4)
Sahamodel with a* cut-off.”

derive, in view of (1), the equation for the average
charge Z [16],

%—f+(UV)z = Sn, = ni
z, . (34)
xS (N Wy —Ryng) = ZnaK(Z)[l—z-]
q=1 .

In this formula, the average ionization frequency

Ny ?:lnq_lwg‘ is approximately replaced by a
function of the average degree of ionization nk(2),
wheren = Zn,, and

BN

-Um(Uy) Y HDll2
U, O70 ®o7o

K(Z) = 6 x 10° Y &n(De

n_Pn— —
£,(2) = 2n2¢5%%, (35)

Un(Z) = (20— Py 1~ E(2) + 1)25:];“.

In Egs. (35), the coefficient 6 x 10 has the dimen-
sion of cm?¥/s; &, is the number of electrons on a shell
with the main quantum number n; P, is the number of
electronsin closed electron shells (P, =0, 2, 10, 28, ...
forn=0, 1, 2, 3, ..., respectively); U, is the effective
potential of ashell number ninthe “hydrogen” approx-
imation; 2(x) is a function equal to zero at x < 0, to
unity at x> 1, and to x at x [J [O; 1]; and the function of

. , N 1+ 2.5x
@ isdefined as @(x) = ln[l + T78x(1 + 1A% 1.4)()} .

The term with Z/Z,, in the right-hand part of
Eq. (34) adlowsfor the three-particle recombination. In
so doing, the quantity Z, denotes an equilibrium aver-
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Fig. 4. The average ion charge for a solid-state aluminum

plasma (n,, = 6 x 10>2 cm>) as a function of temperature:

(1-5) calculation by the unsteady-state model of mean ion
in view of three-particle recombination, (6, 7) calculation
disregarding three-particle recombination; the instants of
time of (1, 6) 10 fs, (2, 7) 100 fs, (3) 1 ps, (4) 10 ps,
(5) 100 ps; lines with black markers indicate the Saha
model, lines with white markers indicate the Saha model
with a cut-off.

age ion charge; for given plasma temperature and den-
sity, this charge isfound from the quasi-stationary Saha
model given by (33).

We can use Egs. (34) and (35) to write the following
expression for theionization loss density Q, (instead of

Eq. (8)):

° AU
Qu = N(Znek(2)-UVD) T T,
n=1

EQ P, Z2)+1 %

N (Zn_ - _E ( ) ) 2 (36)
O

Efor Z0(0: 1)

Eb for the rest of the cases.

Figure 4 gives comparison of the results of calcula-
tion of the average ion charge Z for a solid-state alumi-
num plasma (z, = 13) by the unsteady-state model of
mean ion (34), (35) and by the thermodynamic Saha
model with and without a cut-off. Curves 1-5 corre-
spond to theinstants of time of 10fs, 100fs, 1 ps, 10 ps,
and 100 ps, respectively. The calculation results lead
one, fird, to concludethat the three-particle recombination
plays a significant part (compare curves 1, 2 and 6, 7)
and, second, to estimate the time required to attain ion-
ization equilibrium at different temperatures. It follows
from Fig. 4 that thistime will be 10 fsor lessfor alumi-
num ions with the degree of ionization from three to
five, 10 to 100 fsfor ions with the degree of ionization
from five to eight, and 100 fsto 1 ps for ions with the
degree of ionization from eight to eleven under condi-
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tions of fixed temperature and solid-state density. For
helium-like and hydrogen-like atoms, the time of relax-
ation to ionization equilibrium is much longer (about a
hundred picoseconds). Analysis of Fig. 4 reveds that,
in the case of a plasma of solid-state density at times
from 100 fs to several picoseconds, one can use the
Saha model with a cut-off; at times longer than ten
picoseconds, a uniform distribution arises with the
average degree of ionization of the ions defined by the
Saha model without a cut-off. For a more rarefied
plasma, the time of relaxation to ionization equilibrium
increases inversely as the electron concentration of the
plasma (see expression (34) for the ionization fre-

quency).

2. ANALYTICAL ESTIMATION OF TARGET
HEATING

In order to analytically describe a heat wave propa-
gating in a target, assuming that the laser pulse is not
too sharply focused and, therefore, its transverse
dimension ismuch larger than the characteristic dimen-
sion of the heat wave, we will treat the simplified one-
dimensional equation for the temperature of nondegen-
erate electron gas

(3/2)ndT/ot = —0q;/0x + Q,3, (37)
which includes only the basic factor of energy balance,
namely, the source of plasma heating Q,g and the heat
flux gr. In solving this equation, we will assume that
the total concentration of atoms and ions ny and the
average ion charge Z are constant. In order to estimate
the effect of hydrodynamic expansion of plasmaon the
energy contribution made by laser to the target and the
effect of the nonlinear dependence of absorption on the
laser field intensity [5] in the case of violation of condi-
tion (10), we will use the variation factor of absorption
Ka (See Section 1.2). The average ion charge Z will be
estimated using the quasi-steady-state models of ion-
ization described in Section 1.3.

In order to determine how close the solution of
Eq.(37) may beto that of EqQ. (3), we will estimate the
ratio of the terms omitted upon transition from Eq. (3)
to (37) to ndT/at ~ nT/t1. Here, 1+ is the characteristic
time of ionization of plasma; therefore, for the short
pulses being treated, the term (mV?/2)S may also be
dways omitted. The term n(VV)T/[noT/at] is of the
order of the ratio Xg/%r, where xg ~ VT is the charac-
teristic distance of plasma expansion during the time

17, Vo= ./ZT/m, isthe velocity of sound, and x; isthe
characteristic dimension of temperature irregularity.
For subpicosecond laser pulses, it follows from the
results of appropriate calculations (see the next part of
this paper) that X < X; therefore, the contribution by
the term (VV)T to the energy balance in the first
approximation may be ignored. The effect of plasma
expansion and, consequently, of these terms on the
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energy balanceis taken into account with the aid of the
factor K.

For longer pico- and nanosecond pulses, it is proba-
ble that X;; ~ X; and even X > Xq; therefore, the disre-
gard of the term (VV)T may bring about a significant
error. A similar conclusion holdsfor thetermnTdiv(V):
nTdiv(V)/[ndT/ot] ~ 1¢/t1 ~ 1, where 1 isthe character-
istic time of plasma expansion. Therefore, this term is
also significant, but only in the plasma corona where
V # 0. With the proviso that xi/%; << 1, the size of the
plasma corona is small compared to the size of the
heated region; therefore, the effect of expansion (and,
consequently, of the indicated terms) on the energy bal-
ance may be ignored in the first approximation.

Note that the loss of plasma energy due to
bremsstrahlung for the subpicosecond laser pulses
being treated may always be ignored, as was done in
deriving the hydrodynamic equations, because the time
of radiation relaxation estimated as the time of twofold
decrease in the plasma temperature due to bremsstrahl -
ung by the model of Ze'dovich and Raizer [17] is

T = 47T ™ (Z/10)2 ps> t,. It follows from [17]
that the line radiation, in contrast to the recombination
one, may always be ignored in the case when the total
areaof linesis much lessthan the area under the Planck
curve. The assumption is likely that the line radiation
will play a prominent part in the energy balance for
heavy elements producing alarge number of linesin the
region of Planck spectrum [4].

Equation (37) may be simplified if we take into
account the fact that the depth of field penetration, i.e.,
the skin thickness|, ismuch lessthan the heated region
dimension x; for most of the laser pul se duration except
for the initial stage of heating in which the heat wave
has not yet propagated beyond the skin. This enables
one to include the absorption of laser radiation as the
boundary condition for the heat flux on the plasma—
vacuum interface rather than in the form of a volume
source Q,z [18]. Thus, we arrive at the following
problem:

(3/2)ndT/ot = —0qg+/0X,
gr(x=0) = Al, gr(x=w) =0,

where g is the x-projection of Spitzer's heat flux (7).

In order to use the approximation formulas which
well describe the actual absorption coefficient A (see
Section 1.2), we will identify in this coefficient the
most pronounced temperature dependence,

(38)

A= THCAZ ng Ao, . (39)

Here, 1 isaconstant and C, is a coefficient dependent
on the average ion charge Z, concentration n,, wave-
length A,, and Coulomb logarithm A. We will ignore
the variation of Z, n,, and A during the heating of
plasma, when formula (39) is used to construct a self-
similar solution describing such heating. In order to
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estimate the effect of the time dependence of the laser
pulse intensity, we will represent I, in the form

I = L (tT,)", (40)

where 1, is the characteristic time of variation of the
laser puf)se intensity and 3, is a constant.

Because the Coulomb logarithm A relatively weakly
depends on the electron temperature T, and Z(T)
reaches saturation at T > 200 €V (see Fig. 4), in solving
the set of equations (38) in a first approximation, we
assume Z and A\ to be constant. In order to estimate the
effect made by the laser field intensity dependence of
the absorption coefficient and by the plasma expansion
on the obtained solution of the set of equations (38), we
will assume that the factor K, is likewise constant. In
the next approximation, the obtained solution may be
used to refine the values of A, Z, and K.

In view of the foregoing assumptions, Egs. (38),
(39), and (7) may yield the following solution for the
electron temperature:

2
3,4 4 +9
t/2e’./m

T= “"(‘P){TK—[} [ A1)

z (41)

2 4B,

_4 2
X Ca{ Z, Ny, Aoy A} ™7 2tH 2t )™ 2.
In Eq. (41), the dimensionless coordinate @isrelated to

the coordinate x along the direction of heat wave prop-
agation as

2+2y
_ (p[?; n3/2e4ﬁ} 4‘“9[2

2 3! maca

_7+2u  9+4p

5 7 5

(42)
5 .o 58,

A+ Irvo +9
CA{Z,nat,)\O,/\}} (1),

242y

></\5

and the function W(¢) isthe solution to the ordinary dif-
ferential equation

o2y 4 §qJ3’2L|J'
2
43
+56,+7+2p 4B'+2w—o “3)
9+ 4p 9+4p

with the boundary conditions
LIJ5/2+“LPI|Q): 0 = _ll

00

[¥(@de = grttinw(0),
0

where W' = dW/dg. The second boundary condition
replaces the condition W(x = +) = 0.

We can use Egs. (41)—(43) to derive an expression
for the amount of absorbed energy of laser radiation
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Fig. 5. The self-similar solution W(¢) for normal skin effect
with the approximation coefficient of absorption (24).

(per unit area) Q= ZAOILMr; in the absence of the

hydrodynamic, ionization, and other mechanisms of
energy redistribution, this expression coincides with
that for the energy of electron heat wave (per unit areq),

Qu =(3/2) x J‘; nT(x)dx, and has the form

Qabs = LIJ(O)_Ll

9+ 4 [

__2u
m/2¢" Jm| **°
9+ 21+ 9,

K

9/[4p +9]

X [l (N N 2H°CAL Z, gy Aoy AV ] (44)

9+2 9B,
x t4u+9(t/_[_p)4p+9.

Based on Egs. (43) and (44), wewill treat aself-sm-
ilar solution for a heat wave propagating in an alumi-
num target. We represent approximation (24) in the
form of Eq. (39) to derive from Egs. (41)—44) self-sim-
ilar distributions T(x, t) and Q_,(1),

T(x, t) = 157W(P(x))K;" 7 (kA1 Z)% %t ¥

x (7\?\)_2/27/\10/27(1:/ p)SB 27 V,

X((p) — 53(pKi.7/54(KA|)10/2? 37/54)\—5/54n—l6/27

(45)

_ _ 10B,/27
x 7 17/27/\ 1/27(t/Tp) By . nm,

5

Quvs = 5745 179 10%°(k o1 2) "t 7N

(46)

2p/3  erg

x (AN)(t/T,) ..
m

The self-similar function W(@), whichisinthis case
the solution to (43) with = 9/8, isshown in Fig. 5 for
asquare laser pulse (B, = 0).

We will treat the restrictions imposed on the range
of validity of the derived self-similar solution. The most
significant restriction on the laser pulse duration is
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placed by the formation of aplasma corona. The condi-
tion that the variation of absorption asaresult of expan-
sion issmall, so that kK, = 1 if the dependence of A on
the laser field intensity isignored, iswrittenin theform
X < g, where X ~ V¢, and the skin depth for a normal
high-frequency skin effect is | = ¢/w,. In combination
with the self-similar solution given by (45), this condi-
tion leads to the inequality

t < lOZ(KAVI )—4/292—31/29)\ l/2&n—25/58A—5/29M 1/2’ fS,

in which M is the molar mass of the target matter. One
can readily see that this inequality is valid only for
times of ten femtoseconds or less. In the case of long
times, one must take into account the decrease in the
coefficient of collisional absorption because of expan-
sion and set the variation factor of absorptionk, < 1. As
was mentioned above, at t, > 100 fs, we can assume
with good accuracy that KA~ 0.4. It follows from the
solution of (45) and (46) that the plasma expansion
causes the most significant decrease in the total
absorbed energy of laser radiation Q,,, and the target
heating depth x; and a less significant decrease in the
target surface temperature T(x = 0).

The main restriction imposed on the peak intensity
| max Of @laser pulseis associated with the application of
the linear theory of skin effect. However, in view of the
use of Langdon's correction (11), it is sufficient to
requirethevalidity of theinequality [VgP[1 + v /o] <

V3, that is weaker than (10). We treat the mode of nor-
mal high-frequency skin effect (v.; < wy, for simplicity
and take into account, in the foregoing inequality, the
fact that the field in the plasma is approximately
Wpe/20Y, times lower than in vacuum to obtain the con-
dition for the laser pulse intensity in the form
I, = cnT/8. Upon substituting into this inequality the
temperature T found from the self-similar solution (45)
of the heat equation, we find the following upper bound
on the intensity of a square laser pulse:

lex = 2 % 10" (£/200) k3N 2190/

(47)

8B,/19 2

><(Z/10)35/19 10/19(t/ ) . Wiem?,

wheret isin femtoseconds.

As to Langdon’s correction (11), its effect on the
absorption coefficient is taken into account by the fac-
tor K, as was mentioned above.

Note further that formula (7) for the heat flux is
valid only in the case of rather low temperature gradi-
ents, when theinequality agA./%r << 1 holds, inwhich A,
is the electron free path, X; is the characteristic magni-
tude of the temperature gradient, and a; = 50 is a con-
stant (see[19]). One can demonstrate that this inequal-
ity imposes upper bounds on fluxes of the same order as
(47). If the condition a;A/%r <€ 1 isinvalid, the correla
tion between the heat flux and the temperature gradient
becomes nonlocal and is expressed in the form of con-
volution of the flux given by Eq. (7) with some core
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[19]. However, the results of numerical calculations[3,
10] demonstrate that the nonlocality of the heat flux
largely affects the shape of the heat wave by dightly
varying its area and the value of temperature on the tar-
get surface. For this reason, the inequality atAq/Xr < 1
is of much less significance than condition (47).

Finally, one must bear in mind that, as follows from
Section 1.2 and Fig. 1, the absorption model used in
constructing self-similar solutions underestimates the
energy contribution at T = 1000 eV (because of disre-
gard of the spatial dispersion) and overestimates the
energy contribution at T < 200 eV (in adense nonideal
plasma). Nevertheless, comparison with the results of
numerical calculations and with experimental data
revealsthe adequate validity of self-similar solutionsin
the range of relatively low temperatures T < 200 eV as
well. According to the experimental data of Fraenkel
et al. [4], atarget of MgF, irradiated by a laser pulse
with |, = 3 X 10" W/cm?, A, = 0.8 um, and t, = 100 fs
is heated at a depth of 50 nm to a temperature of about
150 eV. At the same time, it follows from the self-sim-
ilar solution (45) withk, = 0.4, A =3, and Z = [Z(Mg) +
2Z(F)]/3 = 8 that the target is heated to 150 €V at a
depth of 43 nm, which is in good agreement with the
experimental data.

Figure 6 gives the results of parametric calculation
of the dependence of the target surface temperature
both on the wavelength and on the intensity of the
square laser pulse acting on the target, performed using
both the self-similar solution constructed in this section
and self-consistent numerical simulation described in
the subsequent section. The cal culation was performed
for the instant of time t = 300 fs, and the recal culation
for other instants of time may be approximately per-

formed using the correlation T ~ t#27 (see (45)).2 In the
self-smilar solution, the quantities Z and A were calcu-
lated by iteration with respect to the obtained value of T
(two to threeiterations produce an accuracy of 5% or bet-
ter); Z was determined by the Saha model with a cut-off.

Figure 6 demonstrates good agreement between the
results of numerical and analytical calculations (dashed
contoursin Fig. 6) in awide range of parameters except
for the region of relatively low values of intensity, at
which a nonideal plasma is formed which exhibits, as
was mentioned above, a somewhat overestimated value
of the approximation absorption coefficient given by
Eq. (24) (see Fig. 1).

3. RESULTS OF NUMERICAL CALCULATIONS

The self-similar solutions obtained above may be
conveniently used to estimate the energy contribution
and profile of electron temperature during the time of
action of a femtosecond laser pulse. In order to more
accurately determine the values of these quantities both
during and after the termination of the action of the

3 For temperatures of 1 keV or less, when the spatial dispersion
may be ignored.
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Fig. 6. Lines of thelevel of temperature of the surface of an
auminum target as a function of wavelength and intensity
of square laser pulse for t = 300 fs. Solid lines of the level
indicate the numerical solution, and dashed lines indicate
the self-similar solution (45) with the factor Kk, = 0.4.

laser pulse, as well as to determine the characteristics
such as the plasma density and pressure, one must
numerically solve the foregoing set of equations (1-4),
(16) and (33), (34). This problem was treated in a one-
dimensional approximation when, as was indicated
above, al gradients of physical quantities are directed
only along the Ox axis perpendicular to the flat target
surface, which presumes the smallness of the character-
istic dimensions of the region of localization of the
field, of the heat wave, and of the distance to which the
plasma expands compared to the transverse dimension
of the laser pulse. Hybrid hydroel ectrodynamic-ioniza-
tion one-dimensional computer codes were developed
to solve the problem. The hydrodynamic equations (1)—
(4) were solved in Lagrangian mass coordinates using
a conservative difference scheme [20] with lineariza-
tion according to Newton and subsequent solution of
the respective difference equations by the sweep
method. In so doing, splitting with respect to physical
processes was employed: the equations of continuity
(1) and motion (2) were first solved, followed by the
heat equation for electrons (3) and the equation for ions
(4). After that, on a preassigned density profile interpo-
lated to auniform Eulerian grid, the sweep method was
used to solve the boundary problem (16) and determine
the density of absorbed power of laser radiation; then,
the integration of Eq. (34) by the Runge—Kutta method
of the fourth order of accuracy was used to determine
the ion charge at the next time step and the energy
expenditure for the ionization of matter. The accuracy
of calculation was checked by calculating the quantity

A=1-[Qp+ Q" + Quin + Qioniz)/Qapel X 100%, where

ch’ Qiﬁn’ Qkin’ Qioniz! and Quhs denOte the thermal

energy of electrons and ions, the kinetic energy of
hydrodynamic motion of plasma, the energy expendi-
ture for ionization, and the absorbed energy, respec-
tively. When the quantity A exceeded a certain value,
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Fig. 7. The distribution, at different instants of time, over
the target depth of the hydrodynamic characteristics of the
plasma formed when a Gaussian laser pulse 100 fs wide
(maximum of the pulse intensity at t = 0) affects an alumi-

num target, A = 0.1 m, I, = 10" W/em?: (1) t = -50fs,
(2)t=0fs, (3,3) t=50fs, (4,4") t =300fs. Inthe top draw-
ing: (1-4) electron temperature, (3', 4') ion temperature.

the time step automatically decreased. In the calcula-
tions, the value of A did not exceed 3%.

An example of numerical solution of the foregoing
set of equationsin theform of distributions of hydrody-
namic characteristics of the plasma being formed over
the target depthisillustrated in Fig. 7 for the instants of
time when the target is affected by a Gaussian laser
pulse with afull width at half maximum of intensity of
100 fsand in Fig. 8 for different instants of time after
the termination of the laser pulse action. Thelaser pulse
parameters correspond to those planned for the DESY
facility (Germany).

Note that the maximal electron temperature
T = 110 €V obtained as a result of numerical calcu-
lation (Fig. 7) agrees well with the results of self-simi-
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Fig. 8. The same as in Fig. 7, but for different instants of
time after the termination of the effect of the laser pulse:
(1-4)t=1,5, 10, 20 ps, respectively; (2) t=5ps.

lar solution (Fig. 6). Note further the high values of
pressure in the matter of the target being irradiated
throughout the action of the laser pulse. Upon termina-
tion of the laser pulse, the heat wave profile spreads out
significantly, and the maximal value of temperature
decreases (Fig. 8) asaresult of the effect of the electron
heat conduction, of the plasma expansion, and of the
el ectron—on relaxation whose effectiveness at |ow tem-
peratures is much higher than at low temperatures dur-
ing the time of action of the laser pulse. A shock wave
of acharacteristic triangular shape forms by the instant
of timet ~ 1 ps; by theinstant of timet=5 ps, this shock
wave overtakes the heat wave. By the same instant of
time, the profiles of electron and ion temperatures for
the given parameters of the problem almost level off

(Fig. 8).

Figure 9 gives the time dependence of the tempera-
ture and concentration of electrons, as well as of the
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Fig. 9. Thetime dependence of the temperature and concen-
tration of electronsand of the parameters Tg/T and I, &t the

target depth x = 5 nm for conditions corresponding to those
inFig. 7.

degeneracy parameter T¢/T and nonideality parameter
I, = Z€*/[n'/*T] of a plasma formed under the effect
of alaser pulse at a depth of 5 nm from the surface of
the target being irradiated under the same conditions as
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Fig. 10. The time dependence of the temperature and con-
centration of electrons and of the parameters Tg/T and ',

at the aluminum target depth x = 5 nm. The laser pulseis
Gaussian, with a width of 100 fs, Ay = 1.25 Um, |, =
10 wiem?,
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in Fig. 7. One can see in Fig. 9 that the target matter
during most of the laser pulse action is anondegenerate
nonideal plasmawith the nonideality parameter ', = 1.

Figure 10 gives the time dependence of the same
guantities asthose in Fig. 9 but for other parameters of
alaser pulsg; it is planned to obtain these parametersin
the femtosecond laser facility presently under construc-
tion at IHED (Institute of High Energy Density, Insti-
tute of High Temperatures Scientific Association -
IVTAN, Moscow). Based on the foregoing data, one
can conclude that a nondegenerate highly nonideal
plasmawith the parameter I, = 2 isformed on the tar-
get surface under the conditions identified above.
Therefore, the commissioning of the last-mentioned
laser facility is of considerable interest from the stand-
point of investigations of the properties of highly non-
ideal plasma.

In order to provide an idea of the degree of expan-
sion and inhomogeneity of the plasmawhose dynamics
are shown in Fig. 10, Fig. 11 gives the spatial distribu-
tion of hydrodynamic quantities at the instant of time of
300fs.

CONCLUSIONS

We have suggested simple analytical and numerical
models which enable one to investigate the effect of
subpicosecond laser pulses on solid-state targets. The
constructed self-similar solutions make it possible to
fairly accurately estimate the parameters of the heat
wave propagating in the target being irradiated during

T, Tion eV _ 5.0
15F
10
5t
0k
n/10273 cm™3

1.5
1.0
0.5
0 1 1 )
40 60 80
X, nm

Fig. 11. The distribution of hydrodynamic quantities over
the target depth at the instant of timet = 300 fs. The param-
eters of the problem are the same asin Fig. 10.
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the time of action of the laser pulse without resorting to
numerical simulation. A more exact calculation of heat
wave both during the time of action of the laser pulse
and during a much longer time, as well as the calcula-
tion of pressure, ionization state, and the degree of
expansion of the plasma being formed, may be per-
formed using the computer codes developed for this
purpose.

The foregoing models were used to perform prelim-
inary calculations of the effect made on aluminum tar-
gets by laser pulseswith parameterswhichiit is planned
to obtain in the experimental facility presently under
construction at IHED and inthe DESY facility in Ham-
burg. In particular, it has been demonstrated that, when
atarget is affected by alaser pulse with parameters cor-
responding to those to be obtained at the facility under
construction at IHED, a highly nonideal nondegenerate
plasmaisformed on thetarget surface, whichisof great
interest from the standpoint of investigation of the
plasma properties.

As the experimental base is further developed, it is
planned to compare the modes with the results of
future experiments and to refine them in the region of
highly nonideal plasma.
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