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This paper describes simulations of short-pulse-laser—solid experiments using a one-dimensional
Fokker-Planck code. Results are presented which show that the Spitzer theory of heat flow is inap-
plicable for these experiments. The ionization dynamics have been investigated by post-processing
using an average atom model. It is found that the dominant processes are collisional ionization
and three-body recombination and that full ionization takes a significant fraction of the rise time of
the laser pulse. The collisional ionization rates obtained from a Maxwellian distribution are found
to be in good agreement with those obtained from convolving the cross sections with the actual

distribution.

PACS number(s): 52.25.Jm, 52.50.Jm, 52.65.42z

I. INTRODUCTION

The development of short-pulse high-intensity lasers
has opened up an exciting new regime in the study of
laser-produced plasmas. These lasers can produce inten-
sities on target in the range 10'°-10'® W/cm? in pulse
lengths of less than a picosecond. The brevity of the
pulse leads to density scale lengths that are typically less
than 0.5 micrometers.

Unlike the long-pulse lasers used in the inertial con-
finement fusion experiments such short laser pulses do
not interact with a long density scale length, subcritical
plasma corona. The energy is absorbed in a narrow skin
layer that is rapidly heated to a temperature exceeding
1 keV. This heat front has little time to penetrate into
the solid target, so the temperature scale length is of the
same order as the density scale length, i.e., submicrome-
ter.

Thus the interaction of a short-pulse laser with a solid
target generates a solid demnsity, keV plasma. At keV
temperatures and densities the electron mean free path
of the thermal electrons is approximately 0.05 yum. The
scale lengths and the mean free path are, therefore, of the
same order. Hence we would expect the heat flow to be
poorly approximated by the classical Spitzer-Harm the-
ory of heat transport [1] and for the electron distribution
function to be strongly non-Maxwellian.

During the short-pulse interaction an initially cold,
unionized solid is rapidly heated to a hot, ionized solid
density plasma. Ionization is, thus, an important mech-
anism in the time development of the plasma.

In this paper we will look at the intermediate inten-
sity regime (10'®* W/cm?) where relativistic effects are
not important. This regime is especially important for
the generation of short-pulse x-ray lasers by the recom-
bination scheme [2]. We will look in detail at the non-
Maxwellian character of the electron distribution func-
tion and how it affects the heat transport and the ion-
ization rates.

In Sec. II we outline the Fokker-Planck (FP) code that
has been used to simulate the interaction of a short-
pulse laser with a solid target. We also briefly present
a description of the ionization dynamics model [3] which
postprocesses the density and temperature to predict the
ionization state as a function of time.

Section III presents results from the FP code and com-
pares them with similar simulations using a hydrody-
namic code with Spitzer conductivity. Results showing
the ionization state as a function of time are presented
in Sec. IV. Section V compares the collisional ioniza-
tion rates obtained using the actual distribution obtained
from the FP code with that obtained from a Maxwellian
distribution of the same density and temperature. Fi-
nally Sec. VI draws conclusions and outlines future work.

II. DESCRIPTION OF THE MODELS

The FP code has one spatial dimension and uses the
diffusive approximation in which the distribution func-
tion, f, is written as

f(Z,9) = fo(Z,| 7 1) + f(Z| 7 )7/ | 7] . (1)

The diffusive approximation has been used successfully
in previous calculations [4-7] and leads to a coupled set
of equations for fo and f,,
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where

a = 2E, Y., = 41r§:1nA,

mMe

v o (4)
I; = %/ fiwt2du JJ'-' = :—’,’—/ fiuwt2du.
1] v

The major advantages of this approximation is faster ex-
ecution; less distribution function information has to be
stored and the time step can exceed the collision time.
However, the numerical solution of the diffusive approxi-
mation must be solved in an unconditionally stable man-
ner for both the velocity and spatial differentials. The
method of solution chosen is the alternating direction
implicit scheme [8] which had been used successfully pre-
viously in one (7] and two spatial dimensions [9,10]. In
this scheme during one time step the velocity differen-
tials are treated implicitly and the spatial differentials
are treated explicitly. The next time step the spatial
differentials are treated implicitly and the velocity differ-
entials are treated explicitly.

A number of approximations have been made to the
coupled set of equations for fo and f;. The Ohmic heat-
ing term in the fp equation, ﬁ;a%vz f1, has been ne-
glected. In one dimension the electric field is obtained
by the zero current condition, hence J - E is zero so there
is no net heating and the 5%,-8%112 f1 term serves only to
transfer energy between electrons at different velocities.
Epperlein has checked this approximation and found it
to be valid in his simulations [11]. The df;,/dt term in
the f; equation has been ignored. This is valid provided
that the collision time of the heat carrying electrons is
short compared to the time scale of interest.

The FP equation is coupled to the ion hydrodynamic
equations in Lagrangian form. However, the ion motion
terms in the f; equation, but not in the f, equation,
have been neglected. The laser energy is deposited us-
ing the collisional operator of Langdon [12]. The heat is
supplied to the electrons in one of two ways, either by
classical inverse bremsstrahlung, or by simply dumping
the energy in a skin depth. The laser energy is thus taken
up by the low-velocity electrons. However particle-in-cell
(PIC) simulations [13] point to a collisionless absorption
mechanism which leads to the generation of fast elec-
trons. Such electrons are currently not included in the
model.

The non-LTE (LTE is local thermodynamic equilib-
rium) ionization dynamics are followed by using an aver-
age atom model to follow the time evolution of the prin-
cipal quantum shell occupancies averaged over the distri-
bution of ionic states. The model is based on that devel-
oped by Lokke and Grasberger [14]. The model involves
a series of coupled differential equations for the time evo-
lution of the shell occupancies. The processes included
are collisional excitation and ionization and their inverse
process: collisional deexcitation and three-body recombi-
nation. Also included are the spontaneous bound-bound
and free-bound radiative rates.

The model takes as its inputs the nuclear charge,
atomic weight, and the time histories of the electron tem-
perature, material density, and radiation temperature. It

then outputs the time development of the population of
each shell and the average ion state. The average-atom
model has been more fully discussed in Ref. [3].

III. RESULTS FROM THE FP CODE

Understanding the absorption process in subpicosec-
ond laser—solid interaction is a major issue. Experiments
have been performed with intensities above 101 W /cm?
which show an absorption fraction as high as 50% [15,16].
However, simulations with collisional absorption show an
absorption fraction of only 10%. When we employed
the classical inverse bremsstrahlung operator we obtained
initially high absorption of laser energy which fell as time
progressed (see Fig. 1). The inverse bremsstrahlung pro-
cess scales as n./T. As time progresses the tempera-
ture increases and the density, due to hydrodynamic ex-
pansion, decreases. Hence the amount of absorption de-
creases. In order to get a level of absorbed energy con-
sistent with experimental data we are dumping a fixed
amount of energy in a skin depth. The energy is taken
up by the low-velocity collisional electrons. Figure 1
shows the average absorption as a function of time for
a typical run using classical inverse bremsstrahlung and
a run with the same initial parameters using the energy
absorbed in a skin depth.

Despite the short time scale of the interaction of the
pulse with the target we have found that the ion hydrody-
namics is significant. For example, Fig. 2 shows the den-
sity and temperature profiles at the peak of the pulse and
at the end of the simulation. The initial conditions were
as follows. A 0.4 um thick fully ionized carbon (Z = 6)
solid target was illuminated by a 350 fsec Gaussian KrF
(A = 0.25 pm) laser pulse. The target was initially at
solid density (n. = 3.0 x 1023 cm™3) and at a tempera-
ture of 15 eV. A step profile was used between the target
and the vacuum. A uniform velocity mesh with 70 grid
points extending to a maximum velocity of 40 times the
thermal velocity was used. A nonuniform spatial mesh
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FIG. 1. Time averaged absorbed intensity as a function of
time for classical inverse bremsstrahlung absorption (A) and
forced energy dump (0O).
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with a minimum physical cell size of 0.002 pm was found
to be necessary to model the hydrodynamic response. An
average absorbed intensity of 8.0 x 10** W/cm? was used.
We can clearly see significant hydrodynamic motion.
By the peak of the pulse a density scale length of approx-
imately 0.28)\ has formed. At the end of the simulation
a significant shelf of low density plasma has formed, with
a scale length of 0.7)\. For these simulation parameters a
critical surface has not formed. However, when the pulse
length was increased to 0.5 psec and the absorbed in-
tensity was fixed at 10'®* W/cm? a critical surface had
formed by the peak of the pulse. This suggests that
the collisionless resonance absorption mechanism could
play an important role in energy absorption. Collision-
less PIC simulations with immobile ions have been per-
formed [13] which have shown peak absorption of almost
80% at an incident angle of 50° with an irradiance of 10¢
W /cm?um? and scale length of 0.1X. These results have
been modified when the ions are allowed to move. PIC
simulations [17] now show the formation of an underdense
shelf which has been found to enhance the absorption.
In long-pulse simulations the effects of a FP treatment
of the heat flow has been successfully modeled using a

32.0

t — 600.0
(a)
28.0F
F 500.0
24,0 —
—~ f 4000 3
gg 20,01 o
S 3000 2
Z 16.0F o
Co r Q.
12.0F J2000 5
8.0 100.0
e PSP SR PN RPN Bt e car oo 0.0
-0.15  -0.05 0.05 0.15 0.25 0.35 0.45
distance (um)
32,0+ 500.0
r (b)
27.0F
f 4500 __
— 220~ %
5 i g
Y 17.0F 4000 2
: [ s
S g
120 S
r 2
: 350.0
7,0»-
2.0" T b e L
0.25 -0.05 0.15 0.35 8000
distance (um)

FIG. 2. The spatial profiles for (a) the density and temper-
ature at the peak of the pulse and (b) the density and tem-
perature at the end of the simulation. The symbols marked
denote the Lagrangian cells which will be processed by the
ionization dynamics model to obtain the ionization state.

flux limited Spitzer heat flow. This limits the heat flow
to some fraction, f, of the free streaming limit. Experi-
mental and simulation evidence in long-pulse interactions
put the value of f in the range 0.03-0.1. We have found
that a flux limit of 0.1 is too low to reproduce the FP
heat flow in the solid target. Figure 3 shows the spatial
profiles of temperature (dotted line), FP heat flow (solid
line), and the flux limited Spitzer heat flow (solid trian-
gles) at the peak of the pulse. The Spitzer heat flow is
calculated from the temperature profile and then limited
to f=0.1 using the harmonic mean cutoff. As can be seen
the flux limited Spitzer heat flow consistently underesti-
mates the FP heat flow in the target and in the region of
energy absorption.

Figure 4 shows the temperature, FP heat flow, and
Spitzer heat flow limited to f=0.3. The flux limit of 0.3
gives a much better fit to the FP heat flow in the main
body of the target. However, in the heated region the
Spitzer heat flow overestimates the FP heat flow.

It is difficult to fix a flux limited Spitzer heat flow to
the FP heat flow by a single value. However, it seems
that in the bulk of the target f=0.3 is a reasonable ap-
proximation.

We have also compared the FP code with an unflux
limited Spitzer hydrodynamic code. Figure 5 shows the
temperature and heat flow profiles at the peak of the
pulse for the Spitzer code (dotted line) and the FP code
(solid line). The density profiles are very similar in both
cases. There is a somewhat larger difference in the tem-
perature and heat flow. The FP temperature has the
characteristic “bent knee” profile around the energy ab-
sorption region. In this region the high-velocity electrons
conduct the heat away whilst the low velocity electrons
absorb the energy. In order to “pump” the conducting
electrons there is a pool of relatively high velocity elec-
trons that leads to a high temperature. Just outside the
heated region the distribution is more Maxwellian and
hence at a lower temperature. The Spitzer heat conduc-
tion takes no account of non-Maxwellian distribution ef-
fects and thus the temperature has a smooth convex pro-
file. The heat flow is significantly different. The Spitzer

6000~ 025
500.0F ]
é —0.2
- & 1"z
o 400.0F 1 €
) 2 1 =1
o E —_0.15 a
2 3000F 1 s
[0 ~E i ~
@ E ] X
o : Jo1 2
£ 2000F ] =
] E - 3
E B N =
1000 1098
P RPN RN I B Vi i T PN
-0.1 0.0 0.1 0.2 0.3 0.4 05
distance (wm)

FIG. 3. The spatial profiles of the temperature (dotted
line), FP heat flow (solid line), and Spitzer heat flow flux
limited to 0.1 (solid triangles) at the peak of the pulse.
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FIG. 4. The spatial profiles of the temperature (dotted
line), FP heat flow (solid line), and Spitzer heat flow flux
limited to 0.3 (solid triangles) at the peak of the pulse.
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FIG. 5. Comparison between an unflux limited Spitzer hy-
drodynamic code (dotted line) and the FP code (solid line)
at the peak of the pulse for (a) the temperature and (b) the
heat flow.

50

model is a simple convex curve, whilst the FP model has
a higher region near energy absorption, but is, in general,
considerably lower than the Spitzer values.

IV. RESULTS FROM THE IONIZATION
DYNAMICS MODEL

Using the ionization dynamics model we have analyzed
the FP code results to obtain the ionization state of the
plasma as a function of time. Using the initial conditions
discussed in the preceding section we stored the density
and temperature for five Lagrangian points in the target.
These points are labeled with the appropriate symbols in
Fig. 2.

Figure 6 plots the time evolution of the temperature
and ionization state for the five Lagrangian cells. The
density of the cells remains approximately constant ex-
cept for the two cells closest to the laser. The outermost
cell’s density drops rapidly to approximately 0.5 g/cm?
in 0.2 psec. The cell initially 0.05 pm into the target re-
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FIG. 6. The time development of (a) the temperature and
(b) the average ionization state for the five Lagrangian cells
marked by the appropriate symbol in Fig. 2.
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mains at solid density until the peak of the pulse when it
falls gradually to a density of 1.0 g/cm?® by the end of the
simulation. The temperature of the cell increases from
15 eV to approximately 600 eV for the cell closest to the
laser. Further into the target the temperature increases
as the heat front reaches the Lagrangian cell rising to
approximately 300 eV by the end of the simulation. The
process of ionization takes a considerable portion of the
pulse. For example, the outermost cell (closest to the
laser) requires 0.2 psec to reach the fully ionized state.
Further into the target the carbon never reaches the fully
ionized state. It should be borne in mind that we have
postprocessed the data, so the energy necessary to per-
form ionization has not been taken into account. Hence
the calculated ionization states represent the maximum
possible state achievable.

To highlight the important processes involved, the ion-
ization dynamics model was modified to allow various
processes to be switched off. Figure 7 shows the average
ionization state as a function of time for the outermost
cell closest to the laser. We considered three cases: all
processes except the radiative ones and all processes ex-
cept collisional excitation and deexcitation and just col-
lisional ionization. There was negligible differences be-
tween the state when radiative processes were ignored
and the state with all terms included. The absence of
all terms except collisional ionization showed a slightly
faster ionization rate. The absence of collisional excita-
tion and deexcitation marginally slowed the growth in
ionization state. This slower ionization is due to the ab-
sence of stepwise ionization. When collisional excitation
is included the electrons can be excited and subsequently
ionized by lower velocity electrons than needed for ioniza-
tion from the ground state. Hence the number of routes
to ionization has been increased and thus the ionization
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FIG. 7. The time development of the average ionization
state of the outermost cell for (a) all ionization and recombi-
nation terms present (solid line), (b) radiative effects switched
off (dotted line), (c) collisional excitation and deexcitation
switched off (dotted line), and (d) only collisional ionization
activated (dashed line). Note the line for the absence of ra-
diative effects lies on top of the line with all terms included
and is not visible.

is more rapid. All cases reached the same, fully ionized
state.

Results for 0.2 um into the target are shown in Fig. 8.
Again there is no difference between the case excluding
and including radiation. This is reasonable since, for
the most part, the plasma is dense and relatively cold,
i.e., it is a collisionally dominated plasma. The absence
of collisional excitation and deexcitation decreases the
rate of ionization, but does not alter the final ionization
state. The absence of three-body recombination makes a
substantial difference to the final ionization state and to
the path of ionization. When the only process is col-
lisional ionization the ionization state rapidly rises to
z* = 4, then as the heat front passes through the tar-
get the plasma ionizes further to z* = 6. Three-body
recombination is the inverse process of collisional ioniza-
tion and through the law of detailed balance brings the
ions into the correct ionization state. The region closest
to the laser showed only a small difference just including
collisional ionization and the presence of all terms. There
is little recombining because the region is being strongly
heated thus the absence of three-body recombination is
negligible. However, further into the target the system
is heated through conduction and never reaches full ion-
ization; hence the absence of three-body recombination
substantially alters the ionization dynamics.

For short-pulse-laser—solid interaction we can conclude
that the dominant ionization mechanisms are collisional
ionization and its inverse process, three-body recombi-
nation. We have also seen that the ionization process
takes a significant fraction of the rise time of the pulse.
However, the ionization dynamics model employs colli-
sional and radiative rates which are formally obtained
by integrating the cross section for the process over a
Maxwellian distribution. In the next section we will ex-
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FIG. 8. The time development of the average ionization
state 0.2 pum into the target for (a) all ionization and re-
combination terms present (solid line), (b) radiative effects
switched off (dotted line), (c) collisional excitation and de-
excitation switched off (dotted line), and (d) only collisional
ionization activated (dashed line). Note the line for the ab-
sence of radiative effects lies on top of the line with all terms
included and is not visible.
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amine the effect of the non-Maxwellian character of the
distribution function on the dominant collisional ioniza-
tion rates.

V. COLLISIONAL IONIZATION RATES

We have investigated the effects of the non-Maxwellian
distribution function on the collisional ionization rates.
This was performed by multiplying the collisional cross
sections by the distribution function and integrating over
all velocities then comparing the resulting rates with
the rates obtained by using a Maxwellian distribution of
the same density and temperature. Work performed at
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Belfast [18,19] has derived the collisonal ionization cross
sections as a function of incident electron energy in a
simple analytic form, based on the best available experi-
mental and theoretical studies.

For certain key Lagrangian cells (as marked in Fig.
2) we output, in addition to the density and tempera-
ture, the actual distribution function and the Maxwellian
distribution of the same density and temperature. We
then plot the collisional ionization rate for each transi-
tion as a function of time for both the Maxwellian and
non-Maxwellian distributions.

Figure 9 shows the collisional ionization rates for the
outermost Lagrangian cells closest to the laser beam. The
squares are the rates obtained by convolving the cross
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time (ps)
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FIG. 9. The collisional ion-
ization rates for all the ioniza-
tion transitions as a function
of time for the outermost cell.
The squares represent the rates
calculated by the actual distri-
bution and the solid line is the
rates from the Maxwellian dis-
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sections with the actual distribution whilst the solid line
are those obtained from the Maxwellian distribution. As
can be seen the non-Maxwellian distribution rates are
very close to the Maxwellian distribution rates (at most
the rates are within 5% of each other). For the low ion-
ization transitions (up to C1v—C V) the non-Maxwellian
distribution rate is below the Maxwellian distribution
rate, for Cv-CvI and CVvI-C VIl the rate for the non-
Maxwellian distribution case is higher.

An examination of the distribution function and the
product of the cross section multiplied by the distribu-
tion function helps to explain these results. Figure 10
shows these curves for the outermost cell at the peak of
the pulse. The actual distribution function (denoted by
squares) is distorted by the Langdon reduction of the low-
velocity electrons. The energy of the laser is taken up by
the low-velocity electrons, thus depleting this part of the
distribution. When this distribution is multiplied by the
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cross sections the product at low velocity is lower than
the Maxwellian distribution product. As the velocity in-
creases so the Maxwellian distribution falls below the ac-
tual distribution, thus leading to the cross section prod-
uct being higher for the actual distribution compared to
the Maxwellian distribution. At even higher velocities
the Maxwellian distribution product again dominates,
but at these velocities the actual cross section is much
smaller and thus contributes negligibly to the rate. The
product of the cross section and distribution has the same
general shape, but the peak in the non-Maxwellian dis-
tribution case is shifted to slightly higher velocities. As
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the ionization energy increases, so the cross-section peak
shifts to higher velocity, thus moving to the region where
the non-Maxwellian distribution has a larger concentra-
tion of electrons, thus increasing the rate relative to the
Maxwellian distribution case. In general where the cross
section is peaked in energy the distribution functions are
very close.

Further into the target, for example 0.1 pgm as in
Fig. 11, there is practically no difference in the ionization
rates. Now the only difference between the Maxwellian
distribution and the actual distribution is at high velocity
(see Fig. 12). At low velocities the bulk of the electrons

Cll -> Clii

0.2 04 06 08
time (ps)

ClvV ->CV

FIG. 11. The collisional ion-
ization rates for all the ioniza-
tion transitions as a function
of time for the Lagrangian cell
0.1 pm into the target. The
squares represent the rates cal-
culated by the actual distribu-
tion and the solid line is the
rates from the Maxwellian dis-
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FIG. 12. The distribution function for the Lagrangian cell
0.1 pm into the target at 0.21 psec. The squares represent the
non-Maxwellian distribution and the solid line the Maxwellian
distribution result.

are in a Maxwellian distribution. At high velocities the
tail adopts the temperature of the heated region because
these are the electrons originating from that region. How-
ever, they play only a small role in determining the rate
since the cross section at these velocities is typically two
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orders of magnitude smaller than the peak.

In summary the difference between the rates ob-
tained using the real distribution and the rates using a
Maxwellian distribution of the same density and temper-
ature is quite small. Therefore, because of the law of de-
tailed balance, the three-body recombination rates would
also only be marginally altered by using a Maxwellian
distribution rather than the actual distribution.

VI. CONCLUSIONS

We have performed simulations using a one-
dimensional FP code of the interaction of a short-pulse
laser with a solid target. We have found that ion hydro-
dynamics cannot be ignored, even with pulse lengths as
short as 350 fsec. We have shown that a single flux limit
of 0.1 is too severe to model the FP heat flow in the body
of the target.

By using a model of the ionization dynamics, we have
postprocessed the data and found that the ionization pro-
cess can take a significant fraction of the rise time of the
laser pulse. We were able to identify collisional ionization
and three-body recombination as the dominant ionization
processes. A comparison of the rates obtained using the
actual distribution and a Maxwellian of the same density
and temperature was made. The differences were found
to be small and justify the continued use of ionization
rates based on a Maxwellian velocity distribution in sim-
ulations of these experiments.

In the future we will examine how the ionization pro-
cess affects the heat flow in short-pulse-laser—solid inter-
actions.
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