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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 fun@BDF 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 enébgkeV) 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-likeshell 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 tion, and x-ray emission proceed until the plasma clusters
expand and cool.

The use of clusters as targets for high-power ultrashort To the best of our knowledge, this is the most detailed
laser pulses has been the subject of much research in recdi@lculation of the spectroscopic properties of a plasma using
years[1-29]. Cluster targets absorb laser pulse energy mor@onequilibrium electron energy distribution functiof&E-
efficiently than the corresponding gas and thus provide th&F’s) obtained from the Boltzmann equation. The calcula-
capability to create high density plasnfd$,19 from these tions solve for theT distribution of.100 electron energy bins
atoms. Also, cluster targets can be more effective than soligimultaneously with the populations of over 3000 levels
targets because of decreased energy loss due to conducti¢ip™ Ne-like to H-like argon. The calculations took 215 h of
Cluster targets have been suggested as sources of x rays fof U time on a single processor of an SGI Origin 200 com-
various purposes and the possibility for obtaining nucleaPUte"
fusion [4,30,3] with them is also being investigated.

Until recently, most attempts to model the x-ray emission [l. EXPERIMENTAL METHOD
spectra observed from these experiments have used
stationary-state kinetics with a prescribed temperature an

density, and sometimes a provision for energetic electrongaseq on the technique of chirped pulse amplification, which
[10-13,18-23,2bhas been included. In the present work, a5 designed to generate 20 fs pulses at a 10 Hz repetition
combination of the Boltzmann equation and atomic kinetic§ate and capable of producing focusing intensity up to
rate equations are used to model the level populations of 20 \y//cni [32,33. The laser pulses centered at 800 nm
argon as a function of time, from the highly nonequilibrium were generated at 82.7 MHz by a Ti:sapphire laser oscillator
state when the laser energy is deposited on a femtosecondp fs). The pulses from the oscillator were stretched to 10
time scale into hot electrons, until several picoseconds latefis, and amplified by a regenerative amplifier and two stages
when the plasma electrons relax and thermalize to a equilibsf a multipass amplifier. In this study the amplified pulses
rium Maxwellian distribution. During this time period the were compressed to 30 fs by a vacuum pulse compressor
plasma is transient and not steady state, and the electrgielding a maximum pulse energy of 360 mJ. In this system,
distribution can be non-Maxwellian for some time. The ion- after the regenerative amplifier, the pulses go through two
ization state starts out underionized compared to the amouuiouble Pockels cells to reduce the prepulse. The contrast
of electron energy available, and hence, ionization, excitaratio between the main pulse and the prepulse that precedes

The Ar cluster experiments were performed with the
9AERI (Kyoto, Japan 100 TW Ti:sapphire laser system
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it by 1 ns is greater than %0 1. where f;=f(E;,t), f represents all the components f,

In a vacuum target chamber, the compressed pulses wegsmdN corresponds to the set of population densities of levels
introduced by a pair of Au-coated plane mirrors and focusedncluded in the collisional-radiative model. The differential
by an /3 Au-coated off-axis parabolic mirror. The measuredequation for the EEDF used here contains terms that include
spot size was 1m at 1/€, which was 1.1 times as large as poth elastic electron-electron collisions and inelastic colli-
that of the diffraction limit. Approximately 64% of the laser sions and is represented by the functio®ain the above
energy was contained in the Jim Gaussian spot. These equation. The inelastic terms are expressed in standard form,
parargeters give a focused laser peak intensity of 1.Qach is given in terms of the level population densities, the
X 10" W/en® with a pulse duration of 30 fs and a pulse appropriate cross section and the bin dependent EEDF.
energy of 200 mJ. The elastic electron-electron contribution was evaluated

MPAr (fol\usters were produced r?y eannding hjglrll—p:jes@re dusing the Fokker-Planck equation with the standard Rosen-
d Ar gas into vacuum through a specially designe bluth potential[42] ( this is the small momentum-transfer

pulsed conical nozzle; the input and output diameters of th pproximation for the description of the collision of a

nozzle were 0.5 and 2.0 mm, respectively, and its length WaEsﬂharged particle with all the other charged particles in the

using the code developed at the Institute for Mathematica'?.las.ma' The inelastic processes mclud(_a elect_ron—lmpact ex-

Modeling, Russian Academy of Sciendds,34,35. By us- citation tha}t reduces the energy of the |ncom|.ng_electron.by

ing this nozzle, we could produce Ar clusters with an averagdn€ {ransition energy, electron-impact deexcitation that in-

diameter of about Jum. The laser was focused about 1.5 C€ases the energy of the incoming electron by the transition

mm below the nozzle. energy, and electron-impact ionization that reduces the elec-
The spatially resolved x-ray spectra were measured usin§jOn energy by the ioniz_ati_on _potential and creates a new free

focusing spectrometers with spatial resolutj@6—39. This  €lectron. The differential ionization cross secti#8] was

spectrometer is equipped with a spherically bent mica crysta#sed to estimate the energy probability of both the final-state

(R=150 mm) and a vacuum compatible x-ray change-Primary and secondarjonized electrons. .

coupled device camer@X420-BN, AN-DOR). The spheri- The population densm(?S are given by the time dependent

cally bent crystal was placed at a distance of 381.2 mm frongolution of the rate equations

the plasma source and was centerech at4.05 A, which

corresponds to a Bragg angle of 35.7° for fourth-order re-

flection of the crystal. The spectrometer was oriented in such ﬂ —R(f.N =1 M 3)

a way that it was possible to obtain spatial resolution in the ar RN =L M,

direction perpendicular to laser propagation. The measured

size of the emission zone in this direction was less than

200 um for obtaining the He-likex and 8 spectrum of Ar  whereN; is an individual component df,, M is the number

including the associated dielectronic satellite lines. of levels included in the collisional-radiative model, and all
population altering processes are represented through the
. THEORETICAL METHOD functional R. The dependence of the right-hand side of Eq.

(3) onf occurs through rate coefficients that are obtained by

_The details of the simulation approach are presented ifhegrating the various cross sections over the EEDF. The
this section. The basic method developed by Breta@lr®.  ota] jon density is assumed to be constant as a function of

[40] is used to propagate the EEDF in time. The method hagme thus neglecting the hydrodynamics of cluster expan-
previously been used to study the gas response to highson The collisional-radiative model for argon was used pre-
energy electron-beam injecti¢Al]. A bin representation for \iqysly for the interpretation of plasma focus experiments
the EEDF is introduced, i.e., [44]. The model includes over 3000 fine-structure levels over
the Ne-like through H-like ionization states. The atomic con-

f(E,t)=f(E 1), Ei—ESE<Ei+AE figurations were truncated at principal quantum numier

2 2" =3 to limit the number of levels produced. The atomic data
. also features all the possibfe=1 to n=2 x-ray transitions
i=1,... Np, (1) within the n=3 manifold for spectral comparison purposes.

. ) The integration time span is divided into intervals. The
whereE is electron energyiis the EEDR(the number of free  jnjtial level populations are held constant during the interval
electrons per unit energy interval per unit volumendNy is  to propagate the EEDF from the beginning to the end of the
the total number of bins used; is the energy associated interval using Eq(2). Then the calculated EEDF is used to
with b.|n I, andAE is the bin size. In this CaSQ the Boltzmann propagate the initial level popu'ations via HQ) to the end
equation reduces to a system of coupled first-order differenof the interval. This separation is possible because the level
tial equations, which should ideally include all collision pro- populations vary slowly compared to the EEDF. This proce-
cesses capable of altering individual electron energies:  qure results in a significant saving in computer time since the

level kinetics need not be calculated on the same time scale
ﬂzsi(f N), i=1 N 7 as the EEDF. The accuracy was tested by decreasing the
dt o v b interval size and checking the results. The procedure is re-
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FIG. 1. The calculated EEDF as a function of electron energy ~FIG. 2. The calculated EEDF at 1.5 and 3 ps compared to a
(eV) for various times from 0 to 3 ps. Maxwellian distribution evaluated at 1430 eV.

peated over the entire time span of interest. The level popuzation by fast electrons that impart little energy to the for-
lations are collected as a function of time and are used tonerly bound electrons. The broadening of the 5-keV peak is
calculate a time-integrated line emission spectrum. Gaussiamostly due to electron-electron collisions. By 0.5 ps there is
line shapes with widths corresponding to approximately theno noticeable bump at 5 keV and the EEDF takes on a fa-
instrumental resolution\/A(\)=0.0006, were employed.  miliar Maxwellian form. However, Fig. 2 shows that even at
Specifically, for the model calculations considered here1.5 ps an underdeveloped low-energy component and a high-
the atom number density was taken to be B?° cm™3, and  energy tail persist. By 3 ps the tail is gone and the EEDF is
initially all the ions were assumed to be in the ground statecompletely Maxwellian.
of the Ne-like ion. Thus, by charge neutrality, the initial elec-  Figure 3 shows the corresponding charge state distribution
tron density was 4.8 10°* cm™ 3. The initial ionization state  as a function of time. The calculated mean ion charge at 3 ps
was chosen to be a rough approximation of the plasma coris 15.4 which corresponds to a free-electron density of 9.2
dition after irradiation by the laser prepulse. This is a reasonx 10?* cm™2. The calculated EEDF at 3 ps corresponds to an
able assumption because the Ne-like ionization state is domelectron temperature near 1400 eV. Of course, the equilib-
nant over a large range of temperature because of itdum temperature depends on the initial EEDF. Also note that
relatively high ionization potential. The density was chosenthe calculated EEDF and corresponding temperatures include
to roughly correspond to the observed resonance to intethe radiative energy loss. That is, the energy of electron-
combination line ratio. The EEDF was divided into 100
equally spaced bins from 0 to 10 keV. For the initial EEDF, 0.8
all the free electrons were placed in the bin near 5 keV for
convenience. This choice is quite artificial but represents the
extreme case of a completely non-Maxwellian initial EEDF 0.5
with hot electrons. The 5 keV starting energy was also cho-
sen to be in the center of the bin system for numerical sta-
bility. One hundred time intervals between 0 and 3 ps were 04

chosen and the scheme described above was used to obte
the solution as a function of time. ‘g 03
go.
IV. RESULTS AND DISCUSSION S
0.2

Figure 1 shows the calculated EEDF for various times
between 0 and 3 ps. Note that the 0-ps EEDF is spiked at &
keV and corresponds to the initial conditions discussed g1 |-
above. At first, the EEDF broadens very quickly around 5 I
keV and starts building up a small low-energy component.
As time increases the low-energy component gets larger ani ¢ '
the beamlike component around 5 keV gets smaller. At early T1ime (picosecondi)
times, less than a few tenths of a picosecond, low-energy
electrons of a few hundred eV are produced mainly by ion- FIG. 3. The calculated ion fractions as a function of titpe).
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FIG. 4. The calculated time-integrated Hepectra(arbitrary

units) as a function of wavelength (A) at various times from 0
to 3 ps.

FIG. 5. Comparison of the calculated time-integrated Kgec-
trum (solid line) and experimentdotted ling as a function of wave-
length (A).

impact excitation or ionization followed by radiative decay
of the ion is automatically a loss in the total energy of the Figure 5 shows a comparison of the calculated time-
system. The ionization rate is slower for lower ion densitiesintegrated spectra to 3 ps compared to the experimental mea-
and more rapid for higher ion densities using the same initiakurement. The experimental spectrum was obtained with a
EEDF. peak intensity of 1.8 10'° W/cn® and a 30-fs duratiof29].

The time scale for thermalization calculated here is inTpe agreement with experiment for the He-like to Be-like

general agreement with some previous calculations Ofmjssion is quite good. Note that the experimental spectral
electron-electron relaxation timga5-47. The Spitze(48] _line occurring near 4 A is spurious and corresponds tg He

self-relaxation time is estimated to be a few tenths of a pi-. 4. ..: - ;
e . adiation from a different order of crystal reflection. Also
cosecond, and the actual equilibration times for the EEDI£ Y

are substantially longd#6]. Note that these authors did not Inot% that for Ll_.“::.e o Bf_“ke’ the f!nel ddgtalls cl)f Fhe Ic_:alcu-

include excitation and ionization in their calculations, which a.u.e spectr_a wit 'n an ion stage, including relative IN€ po-
can produce significant differences in the EEDF, by produc—sm(.)ns and intensities are in remarkablg agreement with ex-
ing low-energy electrons at early times and by introducingpe”ment' However, the calculated relative intensities of the

energy losses. These authors also did not use the same initigver charged ions, C-like to F-like are somewhat low. Some
EEDF. possible explanations are the followir(@) the atomic model

Figure 4 shows the calculated time-integrated emissiof'Sed did not include doubly excited states, hence there was
spectra in the wavelength range near the, Hiee and its N0 dielectronic recombination, which would have slowed
corresponding satellites for various times from 0 to 3 ps. Thelown the ionization rate and increased the emission intensity,
emission corresponds top2ls radiative transitions pro- (2) emission from less dense plasma, formed from smaller
duced by electron-impact excitation and ionizatiorKeshell ~ clusters, that ionize less rapidly and contribute more to the
electrons in the F-like through He-like ion stages of argonmeasured spectrum for the lower charged i¢8sradiation
At early times the calculated spectra predicts emissiorfrom other orders of crystal reflectiod) emission from the
mainly from the F-like and O-like ions indicative of slight recombining cooling plasma, arifl) inaccuracy of the initial
ionization from the imposed Ne-like initial condition. As EEDF by leaving out superhot electrons.
time increases the spectrum shows contributions from the Figure 6 shows the development of the Hime and Li-
more highly charged ions as they populate in sequence, sdige satellites for various times to 3 ps. The relative intensity
Fig. 3, due to electron-impact ionization. The ionization ofof the He; line compared to its satellites is proportional to
theL-shell ions is rapid through 1.5 ps, see Fig. 3, and emisthe ratio of the populations of the He-like to Li-like ions.
sion from all the ion charge states, F-like through He-like isFigure 5 agrees with Fig. 4 for the spectrum in that the
evident. From 1.5-3 ps the ionization slows down due to théHe-like line dominates at 2.1 ps. No progression through
higher ionization potential of the He-like ion, so the main F-like through Be-like charge state is apparent, probably be-
effect on the spectrum is to increase intensity of the He-likecause it is much more likely to fill thE-shell hole with and
emission with respect to the Li-like through F-like satellites.L-shell electron than aki-shell electron in these ions due to
In this time span, the EEDF is also approaching a Maxwell-population and transition rate considerations. Figure 7 is a
ian form, see Fig. 1. comparison of the calculated 3-ps spectra with the measure-
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plasma on a femtosecond time scale producing energetic
FIG. 6. The calculated time-integrated Hepectrum(arbitrary  electrons. The relaxation of the hot electrons in the presence
unity as a function of wavelength (A) at various times from 0 of the ions causes excitation and ionization and produces the
to 3 ps. spectrum discussed above. After a few picoseconds the ion-
ization slows down as the plasma approaches the He-like
ment. The results are in good agreement and consistent wiihnization state and the EEDF approaches a Maxwellian. The
the @ spectrum, Fig. 5. expansion and cooling of the cluster then prevent further
The time scale for decay of a cluster, that is expansion anidnization. It is interesting to note that a previous mddé]
cooling, under the current conditions, has been estimatewith an EEDF involving a static bulk temperature and hot-
[49] to be in the range of 1-10 ps. This fact suggests thelectron component could not predict either the features of
following scenario for understanding the observed spectrahe observed spectra or the expected time scales.

The main pulse of the laser energy is deposited into the pre- It is interesting to compare the spectra of the Boltzmann
model discussed above with a time-dependent model that

uses a constant temperature corresponding to the Maxwellian
calculated at 3 ps, i.ekT=1436 eV, using the same initial
conditions. Figure 8 shows a comparison of the two calcu-
lated spectra in the vicinity of the Be-like to F-like satellites.
The figure shows that the Be-like to F-like lines are intensi-
fied due to the presence of energetic electrons at early times
in the Boltzmann model. The He-like and Li-like emission
(not shown are quite similar but slightly less intense for the
kT=1436-eV case due to the lack of a high-energy tail. The
Boltzmann model is an improvement over the constant-
temperature model because the intensity of the satellite lines
are larger, as observed in the experiment. This result suggests
that the inclusion of even more highly energetic electrons,
much greater than 5 keV, may also further enhance the emis-
sion from these ions.

It is also interesting to compare the Li-like and Be-like
satellite line structure for different models because of their
sensitivity to dielectronic recombination and inner-shell ex-
citation. Figure 9a) shows the three groups Li-like spectral
lines, qr, a-d, andjkl. The lines gr and a-d are populated

FIG. 7. Comparison of the calculated time-integrated; sigec- mainly by inner-shell excitation from lower levels whose
trum (solid line and experimentdotted as a function of wave- Cross sections are large. On the other hgikd,is mainly
length (A). populated by dielectronic recombination from the He-like

Theory, 3ps
- Experiment

He,

Li-like satellites

Intensity (arbitrary units)
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

3.35

34 K
Wavelength (A)
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FIG. 9. Comparison of Li-like line structure fde) the Boltz-  temperaturek T=1436 eV, model at 3 ps(c) steady state with
mann model at 3 ps and experime(ii) the constant-temperature, kT=200 and hot-electron fractighof 0.0001; andd) steady state
kT=1436 eV, model at 3 pg(c) steady state wittkT=200 and  at 1436 eV, as a function of wavelength (A).
hot-electron fractiorf of 0.0001; andd) steady state at 1436 eV, as
a function of wavelength (A).

nature of the Fig. @) case. Note that Figs.(8&d are on
different scales to illustrate relative line intensities and the
theoretical curve in Fig. @ was scaled to best fit the ex-
erimental Li-like line structure.

ion. For most stationary conditions the relative intensity of
jkl is greater thamr or a-d, except when the electron den-
sity is very high where electron excitation processes aré

more dominant. Such electron densities are well beyonﬁi Flg:re 10 |sls|mllardtolFég. 9 exgeplt for the. B?'léke iatel-
those encountered in the present work. It also has bee es. Figures 1) and 1G@b) are similar, again indicative

shown[10] that including at hot nonthermal component to athat @ Maxwellian EEDF without a hot-electron component

Maxwellian EEDF in a stationary calculation will also inten- N @ transient calculation can account for the observed satel-
sify qr anda-d with respect tokl. lite structure.shown in Fig. 1_@), which is in excellent
Figures 9a) and 9b) show the Boltzmann model and the agreement with experiment. Figure (&0shows that a sta-
time-dependent constakiT= 1436 eV model. It is not sur- tionary calculation including a hot-electron component gives
prising that the two models give similar results since thesimilar results, but does not agree with the observations as
Boltzmann model approaches a Maxwellian of 1436 eV atvell as Figs. 10a) and 1@b). Figure 1@d) shows the steady-
times greater than a few picoseconds without much deviatiostate calculation corresponding tor=1436 eV, demon-
from Maxwellian form. However, it is interesting that both strating the transient nature of Fig. (bD case. However, at
models predict intensgr and a-d satellite lines without kT=1436 eV and steady state the Be-like satellites are or-
some special prescription for hot electrons. The relative inders of magnitude weaker than the He-like resonance line
tensities of the Li-like lines calculated here is apparently aand do not contribute noticeably to the overall calculated
high-temperature transient effect, rather than a hot-electrogpectra. Again, Figs. 18)-10d) are on different scales for
effect, which occurs while the plasma is ionizing. The simi-jjjustrative purposes.
larity of Figs. 9a) and 9b) show that the transient calcula-
tion with the Maxwellian EEDHFig. 9b)], without a hot-
electron component, can account for such a _sat(_allite V. CONCLUSIONS
structure. Figure @) shows that the calculated relative in-
tensities provide a good fit to the experiment. Note the spu- In summary, a time-dependent plasma kinetics model was
rious He, from the fifth order of crystal reflection which used to simulate the time-integrated spectra obtained from
should be ignored. Figure® shows that a stationary calcu- ultrafast laser irradiation of argon cluster targets. The model
lation including a hot-electron component with very different uses the simultaneous solution of the Boltzmann equation for
plasma parameterk,T=200 eV and hot-electron fractid)  the electron energy distribution function and the rate equa-
of 0.0001, gives very similar results. Thus, care must beions to obtain the populations used in the spectral calcula-
exercised when these methods are used to interpret expetiens. The initial EEDF was assumed to be a monoenergetic
mental spectra. Figure(® shows the steady-state calcula- distribution of energetid5 keV) electrons, to represent the
tion corresponding tokT=1436 eV, showing the usual result of the femtosecond laser pulse energy deposition. Ini-
domination by thejkl line and demonstrating the transient tially, all the ions were assumed to be in the ground state of
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