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Time-dependent Boltzmann kinetic model of x rays produced by ultrashort-pulse laser irradiation
of argon clusters
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The Boltzmann equation and a detailed collisional-radiative model are solved simultaneously as a function
of time to model the time-integrated x-ray spectra of the transient plasma produced by a high intensity ultrafast
laser source. Level populations are calculated by solving the rate equations as a function of time using rate
coefficients corresponding to a time varying electron energy distribution function~EEDF! determined by the
solution to the Boltzmann equation. Electron-electron interactions are included through the solution of the
Fokker-Planck equation. It is assumed that all the ions are initially in the Ne-like ground state due to the laser
prepulse and that all free electrons have high energy~5 keV! from the fast laser deposition. The collisional-
radiative model included over 3000 levels in the Ne-like through H-like ion stages of argon. The results are in
agreement with highly resolved F-like to He-likeK-shell emission spectra recorded recently during ultrashort
laser experiments with argon cluster targets in Japan. The calculated time scale for emission is consistent with
estimates of cluster decay times for these conditions. The calculations also show that the typical Li-like and
Be-like satellite structure, sometimes attributed to a hot-electron component in the EEDF, can also be due to
transient effects in a high-temperature ionizing plasma.
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I. INTRODUCTION

The use of clusters as targets for high-power ultrash
laser pulses has been the subject of much research in re
years@1–29#. Cluster targets absorb laser pulse energy m
efficiently than the corresponding gas and thus provide
capability to create high density plasmas@13,19# from these
atoms. Also, cluster targets can be more effective than s
targets because of decreased energy loss due to condu
Cluster targets have been suggested as sources of x ray
various purposes and the possibility for obtaining nucl
fusion @4,30,31# with them is also being investigated.

Until recently, most attempts to model the x-ray emiss
spectra observed from these experiments have u
stationary-state kinetics with a prescribed temperature
density, and sometimes a provision for energetic electr
@10–13,18–23,25# has been included. In the present work
combination of the Boltzmann equation and atomic kinet
rate equations are used to model the level populations
argon as a function of time, from the highly nonequilibriu
state when the laser energy is deposited on a femtose
time scale into hot electrons, until several picoseconds l
when the plasma electrons relax and thermalize to a equ
rium Maxwellian distribution. During this time period th
plasma is transient and not steady state, and the elec
distribution can be non-Maxwellian for some time. The io
ization state starts out underionized compared to the am
of electron energy available, and hence, ionization, exc
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tion, and x-ray emission proceed until the plasma clust
expand and cool.

To the best of our knowledge, this is the most detai
calculation of the spectroscopic properties of a plasma us
nonequilibrium electron energy distribution functions~EE-
DF’s! obtained from the Boltzmann equation. The calcu
tions solve for the distribution of 100 electron energy bi
simultaneously with the populations of over 3000 leve
from Ne-like to H-like argon. The calculations took 215 h
CPU time on a single processor of an SGI Origin 200 co
puter.

II. EXPERIMENTAL METHOD

The Ar cluster experiments were performed with t
JAERI ~Kyoto, Japan! 100 TW Ti:sapphire laser system
based on the technique of chirped pulse amplification, wh
was designed to generate 20 fs pulses at a 10 Hz repet
rate and capable of producing focusing intensity up
1020 W/cm2 @32,33#. The laser pulses centered at 800 n
were generated at 82.7 MHz by a Ti:sapphire laser oscilla
~10 fs!. The pulses from the oscillator were stretched to
ns, and amplified by a regenerative amplifier and two sta
of a multipass amplifier. In this study the amplified puls
were compressed to 30 fs by a vacuum pulse compre
yielding a maximum pulse energy of 360 mJ. In this syste
after the regenerative amplifier, the pulses go through
double Pockels cells to reduce the prepulse. The cont
ratio between the main pulse and the prepulse that prec
©2003 The American Physical Society01-1
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it by 1 ns is greater than 105 : 1.
In a vacuum target chamber, the compressed pulses

introduced by a pair of Au-coated plane mirrors and focu
by an f/3 Au-coated off-axis parabolic mirror. The measur
spot size was 11mm at 1/e2, which was 1.1 times as large a
that of the diffraction limit. Approximately 64% of the lase
energy was contained in the 11-mm Gaussian spot. Thes
parameters give a focused laser peak intensity of
31019 W/cm2 with a pulse duration of 30 fs and a puls
energy of 200 mJ.

Ar clusters were produced by expanding high-pressure~6
MPa! Ar gas into vacuum through a specially design
pulsed conical nozzle; the input and output diameters of
nozzle were 0.5 and 2.0 mm, respectively, and its length
75 mm. The parameters of cluster targets were calcula
using the code developed at the Institute for Mathemat
Modeling, Russian Academy of Sciences@18,34,35#. By us-
ing this nozzle, we could produce Ar clusters with an avera
diameter of about 1mm. The laser was focused about 1
mm below the nozzle.

The spatially resolved x-ray spectra were measured u
focusing spectrometers with spatial resolution@36–39#. This
spectrometer is equipped with a spherically bent mica cry
(R5150 mm) and a vacuum compatible x-ray chang
coupled device camera~DX420-BN, AN-DOR!. The spheri-
cally bent crystal was placed at a distance of 381.2 mm fr
the plasma source and was centered atl54.05 Å, which
corresponds to a Bragg angle of 35.7° for fourth-order
flection of the crystal. The spectrometer was oriented in s
a way that it was possible to obtain spatial resolution in
direction perpendicular to laser propagation. The measu
size of the emission zone in this direction was less th
200 mm for obtaining the He-likea and b spectrum of Ar
including the associated dielectronic satellite lines.

III. THEORETICAL METHOD

The details of the simulation approach are presented
this section. The basic method developed by Bretagneet al.
@40# is used to propagate the EEDF in time. The method
previously been used to study the gas response to h
energy electron-beam injection@41#. A bin representation for
the EEDF is introduced, i.e.,

f ~E,t !5 f ~Ei ,t !, Ei2
DE

2
<E,Ei1

DE

2
,

i 51, . . . ,Nb , ~1!

whereE is electron energy,f is the EEDF~the number of free
electrons per unit energy interval per unit volume!, andNb is
the total number of bins used,Ei is the energy associate
with bin i, andDE is the bin size. In this case the Boltzman
equation reduces to a system of coupled first-order differ
tial equations, which should ideally include all collision pr
cesses capable of altering individual electron energies:

d fi

dt
5Si~ f,N!, i 51, . . . ,Nb , ~2!
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where f i5 f (Ei ,t), f represents all the components off i ,
andN corresponds to the set of population densities of lev
included in the collisional-radiative model. The differenti
equation for the EEDF used here contains terms that incl
both elastic electron-electron collisions and inelastic co
sions and is represented by the functionalS in the above
equation. The inelastic terms are expressed in standard f
each is given in terms of the level population densities,
appropriate cross section and the bin dependent EEDF.

The elastic electron-electron contribution was evalua
using the Fokker-Planck equation with the standard Ros
bluth potential@42# ~ this is the small momentum-transfe
approximation for the description of the collision of
charged particle with all the other charged particles in
plasma!. The inelastic processes include electron-impact
citation that reduces the energy of the incoming electron
the transition energy, electron-impact deexcitation that
creases the energy of the incoming electron by the transi
energy, and electron-impact ionization that reduces the e
tron energy by the ionization potential and creates a new
electron. The differential ionization cross section@43# was
used to estimate the energy probability of both the final-s
primary and secondary~ionized! electrons.

The population densities are given by the time depend
solution of the rate equations

dNj

dt
5Rj~ f,N!, j 51, . . . ,M , ~3!

whereNj is an individual component ofN, M is the number
of levels included in the collisional-radiative model, and
population altering processes are represented through
functional R. The dependence of the right-hand side of E
~3! on f occurs through rate coefficients that are obtained
integrating the various cross sections over the EEDF. T
total ion density is assumed to be constant as a function
time, thus neglecting the hydrodynamics of cluster exp
sion. The collisional-radiative model for argon was used p
viously for the interpretation of plasma focus experime
@44#. The model includes over 3000 fine-structure levels o
the Ne-like through H-like ionization states. The atomic co
figurations were truncated at principal quantum numben
53 to limit the number of levels produced. The atomic da
also features all the possiblen51 to n52 x-ray transitions
within the n53 manifold for spectral comparison purpose

The integration time span is divided into intervals. T
initial level populations are held constant during the inter
to propagate the EEDF from the beginning to the end of
interval using Eq.~2!. Then the calculated EEDF is used
propagate the initial level populations via Eq.~3! to the end
of the interval. This separation is possible because the le
populations vary slowly compared to the EEDF. This proc
dure results in a significant saving in computer time since
level kinetics need not be calculated on the same time s
as the EEDF. The accuracy was tested by decreasing
interval size and checking the results. The procedure is
1-2



p

si
th

re

at
c

o
on
m

e
te
0
F
fo
th
F

ho
sta
er
b

e
at
e
5

n
a

ar
rg

on

r-
k is

is
fa-
at
igh-
is

tion
ps

9.2
an
ilib-
hat
lude
on-

rg o a
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peated over the entire time span of interest. The level po
lations are collected as a function of time and are used
calculate a time-integrated line emission spectrum. Gaus
line shapes with widths corresponding to approximately
instrumental resolution,l/D(l)50.0006, were employed.

Specifically, for the model calculations considered he
the atom number density was taken to be 631020 cm23, and
initially all the ions were assumed to be in the ground st
of the Ne-like ion. Thus, by charge neutrality, the initial ele
tron density was 4.831021 cm23. The initial ionization state
was chosen to be a rough approximation of the plasma c
dition after irradiation by the laser prepulse. This is a reas
able assumption because the Ne-like ionization state is do
nant over a large range of temperature because of
relatively high ionization potential. The density was chos
to roughly correspond to the observed resonance to in
combination line ratio. The EEDF was divided into 10
equally spaced bins from 0 to 10 keV. For the initial EED
all the free electrons were placed in the bin near 5 keV
convenience. This choice is quite artificial but represents
extreme case of a completely non-Maxwellian initial EED
with hot electrons. The 5 keV starting energy was also c
sen to be in the center of the bin system for numerical
bility. One hundred time intervals between 0 and 3 ps w
chosen and the scheme described above was used to o
the solution as a function of time.

IV. RESULTS AND DISCUSSION

Figure 1 shows the calculated EEDF for various tim
between 0 and 3 ps. Note that the 0-ps EEDF is spiked
keV and corresponds to the initial conditions discuss
above. At first, the EEDF broadens very quickly around
keV and starts building up a small low-energy compone
As time increases the low-energy component gets larger
the beamlike component around 5 keV gets smaller. At e
times, less than a few tenths of a picosecond, low-ene
electrons of a few hundred eV are produced mainly by i

FIG. 1. The calculated EEDF as a function of electron ene
~eV! for various times from 0 to 3 ps.
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ization by fast electrons that impart little energy to the fo
merly bound electrons. The broadening of the 5-keV pea
mostly due to electron-electron collisions. By 0.5 ps there
no noticeable bump at 5 keV and the EEDF takes on a
miliar Maxwellian form. However, Fig. 2 shows that even
1.5 ps an underdeveloped low-energy component and a h
energy tail persist. By 3 ps the tail is gone and the EEDF
completely Maxwellian.

Figure 3 shows the corresponding charge state distribu
as a function of time. The calculated mean ion charge at 3
is 15.4 which corresponds to a free-electron density of
31021 cm23. The calculated EEDF at 3 ps corresponds to
electron temperature near 1400 eV. Of course, the equ
rium temperature depends on the initial EEDF. Also note t
the calculated EEDF and corresponding temperatures inc
the radiative energy loss. That is, the energy of electr

y FIG. 2. The calculated EEDF at 1.5 and 3 ps compared t
Maxwellian distribution evaluated at 1430 eV.

FIG. 3. The calculated ion fractions as a function of time~ps!.
1-3
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impact excitation or ionization followed by radiative dec
of the ion is automatically a loss in the total energy of t
system. The ionization rate is slower for lower ion densiti
and more rapid for higher ion densities using the same in
EEDF.

The time scale for thermalization calculated here is
general agreement with some previous calculations
electron-electron relaxation times@45–47#. The Spitzer@48#
self-relaxation time is estimated to be a few tenths of a
cosecond, and the actual equilibration times for the EE
are substantially longer@46#. Note that these authors did no
include excitation and ionization in their calculations, whi
can produce significant differences in the EEDF, by prod
ing low-energy electrons at early times and by introduc
energy losses. These authors also did not use the same i
EEDF.

Figure 4 shows the calculated time-integrated emiss
spectra in the wavelength range near the Hea line and its
corresponding satellites for various times from 0 to 3 ps. T
emission corresponds to 2p-1s radiative transitions pro-
duced by electron-impact excitation and ionization ofK-shell
electrons in the F-like through He-like ion stages of arg
At early times the calculated spectra predicts emiss
mainly from the F-like and O-like ions indicative of sligh
ionization from the imposed Ne-like initial condition. A
time increases the spectrum shows contributions from
more highly charged ions as they populate in sequence,
Fig. 3, due to electron-impact ionization. The ionization
theL-shell ions is rapid through 1.5 ps, see Fig. 3, and em
sion from all the ion charge states, F-like through He-like
evident. From 1.5–3 ps the ionization slows down due to
higher ionization potential of the He-like ion, so the ma
effect on the spectrum is to increase intensity of the He-
emission with respect to the Li-like through F-like satellite
In this time span, the EEDF is also approaching a Maxw
ian form, see Fig. 1.

FIG. 4. The calculated time-integrated Hea spectra~arbitrary
units! as a function of wavelength (Å) at various times from
to 3 ps.
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Figure 5 shows a comparison of the calculated tim
integrated spectra to 3 ps compared to the experimental m
surement. The experimental spectrum was obtained wit
peak intensity of 1.331019 W/cm3 and a 30-fs duration@29#.
The agreement with experiment for the He-like to Be-li
emission is quite good. Note that the experimental spec
line occurring near 4 Å is spurious and corresponds to Hg

radiation from a different order of crystal reflection. Als
note that for Li-like to B-like, the fine details of the calcu
lated spectra within an ion stage, including relative line p
sitions and intensities are in remarkable agreement with
periment. However, the calculated relative intensities of
lower charged ions, C-like to F-like are somewhat low. So
possible explanations are the following:~1! the atomic model
used did not include doubly excited states, hence there
no dielectronic recombination, which would have slow
down the ionization rate and increased the emission inten
~2! emission from less dense plasma, formed from sma
clusters, that ionize less rapidly and contribute more to
measured spectrum for the lower charged ions,~3! radiation
from other orders of crystal reflection,~4! emission from the
recombining cooling plasma, and~5! inaccuracy of the initial
EEDF by leaving out superhot electrons.

Figure 6 shows the development of the Heb line and Li-
like satellites for various times to 3 ps. The relative intens
of the Heb line compared to its satellites is proportional
the ratio of the populations of the He-like to Li-like ions
Figure 5 agrees with Fig. 4 for thea spectrum in that the
He-like line dominates at 2.1 ps. No progression throu
F-like through Be-like charge state is apparent, probably
cause it is much more likely to fill theK-shell hole with and
L-shell electron than anM-shell electron in these ions due t
population and transition rate considerations. Figure 7 i
comparison of the calculated 3-ps spectra with the meas

FIG. 5. Comparison of the calculated time-integrated Hea spec-
trum ~solid line! and experiment~dotted line! as a function of wave-
length (Å).
1-4
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TIME-DEPENDENT BOLTZMANN KINETIC MODEL OF X . . . PHYSICAL REVIEW A68, 063201 ~2003!
ment. The results are in good agreement and consistent
the a spectrum, Fig. 5.

The time scale for decay of a cluster, that is expansion
cooling, under the current conditions, has been estima
@49# to be in the range of 1–10 ps. This fact suggests
following scenario for understanding the observed spec
The main pulse of the laser energy is deposited into the

FIG. 6. The calculated time-integrated Heb spectrum~arbitrary
units! as a function of wavelength (Å) at various times from
to 3 ps.

FIG. 7. Comparison of the calculated time-integrated Heb spec-
trum ~solid line! and experiment~dotted! as a function of wave-
length (Å).
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plasma on a femtosecond time scale producing energ
electrons. The relaxation of the hot electrons in the prese
of the ions causes excitation and ionization and produces
spectrum discussed above. After a few picoseconds the
ization slows down as the plasma approaches the He-
ionization state and the EEDF approaches a Maxwellian.
expansion and cooling of the cluster then prevent furt
ionization. It is interesting to note that a previous model@25#
with an EEDF involving a static bulk temperature and h
electron component could not predict either the features
the observed spectra or the expected time scales.

It is interesting to compare the spectra of the Boltzma
model discussed above with a time-dependent model
uses a constant temperature corresponding to the Maxwe
calculated at 3 ps, i.e.,kT51436 eV, using the same initia
conditions. Figure 8 shows a comparison of the two cal
lated spectra in the vicinity of the Be-like to F-like satellite
The figure shows that the Be-like to F-like lines are inten
fied due to the presence of energetic electrons at early ti
in the Boltzmann model. The He-like and Li-like emissio
~not shown! are quite similar but slightly less intense for th
kT51436-eV case due to the lack of a high-energy tail. T
Boltzmann model is an improvement over the consta
temperature model because the intensity of the satellite l
are larger, as observed in the experiment. This result sugg
that the inclusion of even more highly energetic electro
much greater than 5 keV, may also further enhance the e
sion from these ions.

It is also interesting to compare the Li-like and Be-lik
satellite line structure for different models because of th
sensitivity to dielectronic recombination and inner-shell e
citation. Figure 9~a! shows the three groups Li-like spectr
lines, qr, a-d, and jkl . The lines qr and a-d are populate
mainly by inner-shell excitation from lower levels whos
cross sections are large. On the other hand,jkl is mainly
populated by dielectronic recombination from the He-li

FIG. 8. Comparison of the calculated time-integrated spe
using the Boltzmann model~solid line! and using a constan
temperaturekT51436 eV ~dotted line! at 3 ps as a function of
wavelength (Å).
1-5
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ion. For most stationary conditions the relative intensity
jkl is greater thanqr or a-d, except when the electron den
sity is very high where electron excitation processes
more dominant. Such electron densities are well bey
those encountered in the present work. It also has b
shown@10# that including at hot nonthermal component to
Maxwellian EEDF in a stationary calculation will also inte
sify qr anda-d with respect tojkl .

Figures 9~a! and 9~b! show the Boltzmann model and th
time-dependent constantkT51436 eV model. It is not sur-
prising that the two models give similar results since
Boltzmann model approaches a Maxwellian of 1436 eV
times greater than a few picoseconds without much devia
from Maxwellian form. However, it is interesting that bo
models predict intenseqr and a-d satellite lines without
some special prescription for hot electrons. The relative
tensities of the Li-like lines calculated here is apparentl
high-temperature transient effect, rather than a hot-elec
effect, which occurs while the plasma is ionizing. The sim
larity of Figs. 9~a! and 9~b! show that the transient calcula
tion with the Maxwellian EEDF@Fig. 9~b!#, without a hot-
electron component, can account for such a sate
structure. Figure 9~a! shows that the calculated relative in
tensities provide a good fit to the experiment. Note the s
rious Heg from the fifth order of crystal reflection which
should be ignored. Figure 9~c! shows that a stationary calcu
lation including a hot-electron component with very differe
plasma parameters,kT5200 eV and hot-electron fraction~f!
of 0.0001, gives very similar results. Thus, care must
exercised when these methods are used to interpret ex
mental spectra. Figure 9~d! shows the steady-state calcul
tion corresponding tokT51436 eV, showing the usua
domination by thejkl line and demonstrating the transie

FIG. 9. Comparison of Li-like line structure for~a! the Boltz-
mann model at 3 ps and experiment;~b! the constant-temperature
kT51436 eV, model at 3 ps;~c! steady state withkT5200 and
hot-electron fractionf of 0.0001; and~d! steady state at 1436 eV, a
a function of wavelength (Å).
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nature of the Fig. 9~b! case. Note that Figs. 9~a–d! are on
different scales to illustrate relative line intensities and
theoretical curve in Fig. 9~a! was scaled to best fit the ex
perimental Li-like line structure.

Figure 10 is similar to Fig. 9 except for the Be-like sate
lites. Figures 10~a! and 10~b! are similar, again indicative
that a Maxwellian EEDF without a hot-electron compone
in a transient calculation can account for the observed sa
lite structure shown in Fig. 10~a!, which is in excellent
agreement with experiment. Figure 10~c! shows that a sta-
tionary calculation including a hot-electron component giv
similar results, but does not agree with the observations
well as Figs. 10~a! and 10~b!. Figure 10~d! shows the steady
state calculation corresponding tokT51436 eV, demon-
strating the transient nature of Fig. 10~b! case. However, a
kT51436 eV and steady state the Be-like satellites are
ders of magnitude weaker than the He-like resonance
and do not contribute noticeably to the overall calcula
spectra. Again, Figs. 10~a!–10~d! are on different scales fo
illustrative purposes.

V. CONCLUSIONS

In summary, a time-dependent plasma kinetics model w
used to simulate the time-integrated spectra obtained f
ultrafast laser irradiation of argon cluster targets. The mo
uses the simultaneous solution of the Boltzmann equation
the electron energy distribution function and the rate eq
tions to obtain the populations used in the spectral calc
tions. The initial EEDF was assumed to be a monoenerg
distribution of energetic~5 keV! electrons, to represent th
result of the femtosecond laser pulse energy deposition.
tially, all the ions were assumed to be in the ground state

FIG. 10. Comparison of Be-like line structure for~a! the
Boltzmann model at 3 ps and experiment;~b! the constant-
temperature,kT51436 eV, model at 3 ps;~c! steady state with
kT5200 and hot-electron fractionf of 0.0001; and~d! steady state
at 1436 eV, as a function of wavelength (Å).
1-6
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TIME-DEPENDENT BOLTZMANN KINETIC MODEL OF X . . . PHYSICAL REVIEW A68, 063201 ~2003!
the Ne-like ion. The time-integrated spectra calculated t
ps is in good agreement with experiment in the wavelen
regions near both the Hea and Heb lines. The Boltzmann
model predicts the appearance of He-like to F-like x-r
emission that is observed in the experiment. The calcula
time scale for emission is also consistent with estimates
cluster decay times for these conditions. The calculati
also show that the typical Li-like and Be-like satellite stru
ture, sometimes attributed to a hot-electron component in
EEDF, can also be due to transient effects in a hi
temperature ionizing plasma. We hope to use a more real
initial EEDF in future work.
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