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We present a modeling study of x-ray line polarization in plasmas driven by high-intensity, ultrashort
duration pulsed lasers. Electron kinetics simulations of these transient and nonequilibrium plasmas predict
non-Maxwellian and anisotropic electron distribution functions. Under these conditions, the magnetic sublevels
within fine structure levels can be unequally populated which leads to the emission of polarized lines. We have
developed a time-dependent, collisional-radiative atomic kinetics model of magnetic sublevels to understand
the underlying processes and mechanisms leading to the formation of polarized x-ray line emission in plasmas
with anisotropic electron distribution functions. The electron distribution function consists of a thermal com-
ponent extracted from hydrodynamic calculations and a beam component determined by PIC simulations of the
laser-plasma interaction. We focus on the polarization properties of the He-like Si satellitesLof,thee,
discuss the time evolution of polarized satellite spectra, and identify suitable polarization markers that are
sensitive to the anisotropy of the electron distribution function and can be used for diagnostic applications.
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I. INTRODUCTION experiments such as the electron beam ion ¢ERIT) where

in the | decad larized i . h well-controlled experimental conditions enable detailed test-
n the last decade, polarized x-ray line emissions aV‘?ng of theories at the atomic physics level. In other publica-

attracted attentio_n as spectral sig_natqres _Of qnisotropy in h(ﬁ ns[8,9] we presented an alternative method for the calcu-
plasmas. The existence of a special direction in space causqgiion of polarized x-ray line emissions based on the atomic

for instance, by the presence of directional energetic eleqg,qic modeling of magnetic sublevel populations and the

trons or electric and _magnetic fields can lead to preferent!aéubsequent use of multipole radiation field properties. We
(i.e., unevei population of the magnetic sublevels assoCi-nave benchmarked this method in the calculation of

ated with a fine structure energy level. This condition S, ri7ation-dependent spectra of dielectronic satellite line
called alignment. The degree of polarization is related to th missions in B- and Be-like Fe and He-like [8i10], and in
quantitative characteristics of plasma anisotropy such as the, k_shell 1s2] — 152 x-ray line spectra of He,-Iike Fe

energy a_md angular distribution of directional eleCtronS'driven by a monoenergetic, unidirectional, and unpolarized
Polarization-based plasma spectroscopy has therefore begp i on bean{6]. The main highlight of this method is a

recognized as a potential diagnostic tool to characterizgy pightforward account of mangcompeting atomic pro-
plasma anisotropy. An extensive review of previous work iNgessas by including in the atomic kinetics model all the rel-

this subject can be found in Refd. 2. evant structures of energy levels and atomic rates connecting

_Eund_am_ental quantum mecha_nlcal studies a|meq at OBrem. This feature makes the method attractive for plasma
taining insights into the mechanism and characteristics o

. . o : pplications where the kinetics of level populations is usu-
polar_lzed Im_e emissions have mostly been dor_1e using thcellly determined as a result of the competition between sev-
density-matrix formalisni3—7]. The focus of such investiga- o5 atomic processes, and it goes beyond previous analysis
tions has typically been on astrophysical plasmas, and OBt polarized line emissions in plasmas based on the two-level

atom approximation1,11,13. In particular, the effect of
multilevel atomic kinetics was demonstrated in the case of
*Present address: Theoretical Division, Los Alamos NationalHe-like Fe lines in an EBIT environment, where cascades

Laboratory, Los Alamos, New Mexico 87545, USA. from 1s 3| levels affect the polarization of thes®l —1s?
TPresent address: CELIA, Université Boudeaux, F-33405 Talencines when & 3| levels are open for direct excitation from the
Cedex, France. ground statdg8,13.
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TABLE I. 2| 2" — 1s 2| singlet and triplet transitions in He-like

Si.
Label Line transition Photon enerdgV)
1 2p?1D,— 15 2p 1P, 1980 FILM PIC
2 2s2p 1P, —1s2s 1S, 1992 :
3 25 2p3Py— 15 25 3S,; 1984
4 25 2p°P; —1s 25 3S; 1985 -T ) -N ) m
5 25 2p%P, — 1s 25 3S; 1986 = =
6 2p? 3P;—1s 2p °P, 1984
7 2p? 3P, —1s 2p %P, 1983
8 2p? 3P, —1s 2p°P, 1982 POLAR
Plasma spectroscopy diagnostics that have been success- l g(t) |

fully developed in connection with detailed multilevel
atomic kinetics modeling have mainly relied on the proper-
B e s HOLL0.PO
plasma.
However, they do not provide information about plasma an-
isotropy. Here, we consider the problem of plasma aniso- F|G. 1. Schematic illustration of the suite of codes used in the
tropy determination and present a model for the calculatiomodel calculationgsee discussion in the main tgxThe vectors
of polarization-dependent x-ray line spectra in plasmas. We(t) and g(t) are the time histories of fractional populations com-
calculate the time histories of magnetic sublevel populationguted bymsr andPOLAR, respectivelyq is an adjustable parameter
using a fundamental time-dependent collisional-radiativehat characterizes the fraction of beam electrons in the model, and
atomic kinetics model, and then we use these populations tig(t), |, (t), and P(t) are the time histories of parallel and perpen-
compute polarized x-ray line intensities taking into accountdicular intensities, and the degree of polarization, respectively.
the characteristics of multipole radiation fields. In particular,
we focus on the polarization properties of the He-like satelspectral features, and we also discuss the dependence of line
lites of thely, line in silicon plasmas produced by high- emission characteristics on the properties of the driving laser.
intensity ultrashort duration laser pulses. These satellite lines This paper is organized as follows. In Sec. Il we discuss
(see Table)l are usually observed on the low-energy side ofthe details of our modeling calculations including hydrody-
the Ly, line; they are typically emitted during a period of namics, electron kinetics and, in particular, the time-
time that is short compared to that of the resonance line, andependent, collisional-radiative magnetic sublevel atomic ki-
are optically thin. All these considerations can facilitate thenetics model and the atomic databases used to calculate
interpretation of the recorded spectra. Furthermore, silicopolarization-dependent spectra. In Sec. Ill we present results
has no nuclear magnetic dipole moment and thus no hypefor the case of the He-like Si satellite line emission and iden-
fine interaction which, in turn, tends to destroy alignment intify polarization-sensitive lines that can be used as markers
the atomic energy levels. of anisotropy in the plasma, and in Sec. IV we present our
In an effort to perform a realistic modeling study of po- conclusions.
larized x-ray line emission in a silicon laser-produced
plasma, atomic kinetics and synthetic spectra calculations are
done in combination with hydrodynamic simulations of the
overall evolution of plasma conditions in the target. In addi- The goal of our model calculations is to investigate the
tion, a particle-in-cell code is used to model the electronformation of x-ray line polarization-dependent spectra in a
kinetics of the laser-plasma interaction and the production oplasma whose temperature, density, and anisotropy are rap-
alignment-creating  directional  electrons. Thus, thejdly evolving in time, and where alignment-creating and de-
polarization-dependent spectrum results have built-in the efstroying processes compete to determine the population dis-
fects of hydrodynamics, and electron and atomic kineticstribution of magnetic sublevels. This requires the
Furthermore, the magnetic sublevel atomic kinetics selfconsideration of plasma hydrodynamics, and electron and
consistently includes the effects of alignment-creating atomiatomic kinetics. To this end, a suite of codes is run in suc-
processes driven by beamlike electrons as well as alignmengession according to the scheme shown in Fig. 1.
destroying atomic processes driven by therihdxwellian)
electrons, and hence the polarization effect on the x-ray lines
can be studied over a range of plasma conditions where dif-
ferent effects become dominant at different times. We ana- First, laser pulse and target parameters are used to run
lyze and determine the importance of various atomic proFILM. This is a one-dimensionglD), two-temperaturgi.e.,
cesses and their impact on observable polarization-dependegiectron and ionLagrangian hydrodynamics code that simu-

IIl. MODEL

A. Hydrodynamics and electron kinetics
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lates the overall target behavior as it is heated by the laser,
including laser energy coupling and deposition, electron and
ion heat conduction, and hydrodynamic motifi¥]. The
equation of state is taken from the Sesame EOS librEsy.
For the simulations performed here, the silicon target is di-
vided into a total of 126 fluid elements or cellsee Fig. 2
grouped in three main regiongl) the outermost(“skin
depth”) region of thickness 0.0um where the laser energy
is directly deposited is described with 76 cell8) the “con-
duction” region 0.15«m thick, which is heated indirectly by 10 0“ P P A el
heat conduction from the skin depth region, is modeled with Time (fs)
30 cells, and3) a 1 um “bulk” region which provides the
boundary condition representing a target substrate is charac-
terized by 20 cells. The code calculates various characteris- e
tics of each cell, including time histories of electron and total 13%°
ion number densitieé.e., mass densijy and electron tem- 1024 :
perature. These parameters are needed to drive the atomic
kinetics codesv3rR and POLAR, which compute ionization
balance, magnetic sublevel populations, and polarization- 10%2+ )
dependent synthetic spectra. In these simulations, the S 100
P-polarized laser pulse had a Gaussian temporal profile cen-
tered at 400 fs and a FWHM of 300 fs, the wavelength was 107 0
800 nm, the incidence angle with respect to the normal of the Time (fs)
target was 45°, and laser intensities were in the range from
ZX. 10°°W cm? to 5x 10" W e, Typical FiLM time his- time histories calculated byriLm for a laser intensity of
tories for the e_Ief:tron number d_ensftbé(t) an(_j tempefrature_ 2x 10 W cm™, and for cells deep in the targéd), close to the
T.(t) characteristic of several fluid elements in the S|mulat|ontarget.S surfacgb), and very close to the target's surfa@.
are shown in Fig. 3. Early in time the electron number den-
sity rises driven by the rapid ionization of the plasma; thenfribution is anisotropic, they can also create alignment in the
the hydrodynamic decompression begins and the electroatomic energy levels which results in polarized line emis-
density drops at a slower rate. The electron temperature tim@ons. On the other hand, the thermal electrons destroy the
history qualitatively follows the laser pulse time profile, alignment effect by their tendency to evenly populate the
peaking slightly after the peak of the laser pulse. Cells closefagnetic sublevels of a given fine structure energy level. In
to the front surface go through time histories characteristic opur model we account for both groups of electrons by split-
higher temperatures and lower densities relative to those dfng the electron pool of density, (calculated byriLm) into
cells deeper in the target. As the laser intensity increased thermal(Maxwellian) part of distributionfy(E,kT), den-
maximum temperatures increase as well while their time prosity (1-a)Ng, and temperaturkT (calculated byriLm), and
file remains qualitatively similar. On the other hand, maxi-a beam part described by an energy distributigfE) and
mum densities are similar in value but occur earlier in time,density aNe. The fraction of directional, nonthermal elec-
and are followed by a hydrodynamic decompression thatrons « is a constant free parameter in our model. We have
proceeds at a faster rate which, in turn, results in lower valtested severak values and found that they produce the ex-
ues of the electron density at later times. Electron tempergpected rise of alignment and polarization effects in the line
ture and number density time histories are post-processed ®nission with increasingy, and vanishing polarization for
calculate time-dependent ionization balance and magneti¢=0. In this work we illustrate our results for the case
sublevel populations witlm3r and POLAR, respectively. =0.2 that has been chosen in accordance with previous esti-
Plasma electrons can be characterized as thermal and nomates for the laser irradiation conditions assumed [E8e
thermal. On the one hand, nonthermal electrons can affedthe energy distributioti,(E,kT) of the thermal electrons is
the overall ionization balance of the plasma and, if their discharacterized by the electron temperature time history calcu-
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10 and spontaneous radiative decay. Also, electron collisional
ionization and recombination, and radiative and dielectronic
5x10" Wem recombinat_ion processes are inclluded_vli:m. In particular,
1510 Wern M3R time h|stor|e§ of He- and H-like Sl groynd state popu-
510" Worn? Iatlt_)n_s serve as input fG?OL_AR, a detailed tl_me-_dep_endent
collisional-radiative magnetic-sublevel atomic kinetics code.
In this way, the information about the evolution of the ion-
ization balance in the silicon plasma is built-in irf@LAR
calculations. There are substantial transient effects in the ion-
0 50 100 150 200 ization balance that become evident v_vhen comparing the re-
E (keV) sults OfMSR runs in steqdy-s_tate and tlme-d_ependent modes.
These differences are “inertia-type effects” in the level popu-
FIG. 4. Energy distribution of beamlike electrons calculated@tions associated with the finite relaxation times of the
by EUTERPE for laser intensites of %10%wcm2 ~ atomic rates that, in the transient case, prevent the popula-
1% 107 W cm2, and 5% 1087 W cmi2. tions from instantaneously adjusting to rapidly changing
plasma conditiongas it would be the case in a steady-state
regime. Nonthermal effects are also included in tkier
calculation, and they are found to make a significant contri-
Pution towards driving the ionization balance faster and
pulating the He- and H-like ions.
The PoLAR code implements a fundamental time-
dependent collisional-radiative atomic kinetics model for
calculating the time histories of magnetic sublevel popula-
a P-polarized, plane electromagnetic wave; the 45° incidenc ‘0'.‘5 .and, subsgquently, pola_rization—dependent Iine_s_pectra.
angle is treated by means of a relativistic boost-frame trans-h'.S IS accom.pllshed' by setting up a system of cc_JII|S|onaI—
formation. Figure 4 illustrates the energy distribution of therad'atlve atomic kinefics rate equations for magnetic sublev-

beamlike electrons computed BWTERPE for several laser els. For th_e cases considereq here, this sy.stem of equations
intensities at the end of the laser pulse. The code also calc§@" be written in matrix notation as follows:
lates the family of time histories of the electron distribution dg
functions that are then used to calculate collisional atomic —=
rates associated with the beamlike electrons. The trend of dt

these results is clear: the larger the laser intensity the mor\?/here(j is the vector of He-like Si magnetic-sublevel popu-
energetic electrons are produced. The electron beam is CO"fétions A is the rate matrix associated with the atomic pro-

mated along the normal to the surface of the target, which _ _ - i
also defines the axis of quantization for this problem, and it$€sses included in the model, amés a vector that takes into
energy distribution is normalized by the condition @ccount population effects proportional to He- and H-like Si
J2fa(E)dE=1. In this model,EUTERPE simulations begin ground state populations. Implicit in the model is the axis of
100 fs into theriLM time evolution with an isotropic electron guantization with respect to which the magnetic sublevel
distribution function initially characterized by a 1D “tem- quantum numbeM and the direction of observation are re-
perature” of 0.6 keV[i.e., fz(E)xexp-E(keV)/0.6)]. As ferred to, and_aX|aI symmetry is assumeql;_ we take the
time progresses, the beamlike distribution evolves, and a tafr o0rdinate axis to be this axis. Electron collisional rates are
of energetic electrons develops in the distribution. calculated using the electron distribution function discussed
above. However, we emphasize that the electron distribution
function is input to the model and thus other electron distri-
bution functions could be considered as wethLAR can be
Next, given the plasma electron characteristics obtainedun either in the steady-state or the fully transient mode.
from FILM and EUTERPE we calculate the overall ionization With the magnetic sublevel populations freroLAR, we then
balance using the13r code, and magnetic sublevel popula- calculate the time histories of polarization-dependent total
tions with POLAR. The M3R code implements a time- line intensitiesl; andl . |, represents the intensity of radia-
dependent collisional-radiative atomic kinetics model thation observed at a right angle with respect to the axis of
we use to calculate the overall ionization of the siliconquantization and linearly polarized along this axis. Analo-
plasma, and the time histories of the level populations ofgously,l , is the intensity of radiation linearly polarized in a
ground and excited nonautoionizing stafé8]. The energy direction perpendicular to the quantization axis.
level structure is described by 514 LS terms spread over all In general, to address the problem of calculating polarized
ionization stages from the Ne-like Si ion to the fully stripped line emission one has to consider the density matrix of the
Si ion. It uses an atomic database comprised of 21 643 alen and electromagnetic field system. From here, the photon
sorption oscillator strengths calculated with Cowan’s atomiadensity matrix can be extracted which contains the Stokes
structure codg19] which are used to calculate the rates as-parameters that characterize the polarization properties of the
sociated with electron collisional excitation and deexcitationradiation field. The diagonal elements of the ion density ma-

lated byFiLm. The energy distribution of the electron beam is
obtained from the 1-1/2D particle-in-cell codeTERPEthat
models the electron kinetics of the production of a beam o
energetic electrons due to resonance absorption in the laset?
plasma interactiorjl7]. This code calculates the motion of
relativistic electrons and mobile iorihe mass ratio between
electrons and ions is given by /Zm.=3600 in the field of

§+b, (1)

11>

B. Magnetic sublevel atomic kinetics
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TABLE II. Relative multipole intensities of electricE1l) and 3866 ¢V
. . . . > |28 JM-sublevels
magnetiqM1) dipole transitions# and ¢ are the polar and azimuth 2121 (10 T-levels) o
angles of spherical coordinates, respectively. FaB0° 6 defines _ e 2 sublevels
) L n=2 He-like satellites (1 3-level)
the parallel andp the perpendicular polarization states. Is
H-like Si
6 IM-sublevel 2184 ev
El M1 1531 [ I,=2439 eV
2177.¢V.
Ml M, Ml M,
AM=0 3 sirfg 0 0 3 sirfo 1oy || T8
AM=+/-1 (3/2)cog0 3/2 3/2 (3/2)co<0 : (61-levels) 1840.eV.
1 JM-sublevel
. . . 1s? Q. Flevel) 0eV
trix are the magnetic-sublevel populations, and the off- Helike Si

diagonal elements represent coherences. However, for the

case of systems with axial symmetry the ion-density matrix FIG. 5. Schematic illustration of the energy level structure in-
remains diagonal and the line polarization properties areluded inPoLAR for studying the polarization properties of the He-
characterized only by magnetic-sublevel populatifiis A like satellites of the_y, line.

line transition is formed as an incoherent collection of sub- _ . . L

level transitions that are inherently polarized as a result of 1€ Implementation oPOLAR for investigating the polar-
angular momentum conservation of the ion and photon sy

tem. These sublevel transitions overlap due to energy dege

eracy in upper and lower fine structure levéls., J levels).

Therefore, given the magnetic-sublevel populations and th

properties of multipole radiation fieldg0], optically thin
polarization-dependent total line intensitigsand |, can
then be calculated as follows:

Ji J

oochy A —J)X X f(M) X Ml (AM,
Mi:_‘]i Mf:—\]f

)

wherehv is the transition energy(J;, — J;) is the transition’s
radiative decay ratef(M,) are populations of upper level's
magnetic sublevelsy is the multipolarity of the transition,
AM=M;-M;, and(|) is a Clebsch-Gordan coefficient. The
products of Clebsch-Gordan coefficients afAd;—-J;) are

0:90°><<\]f q Mf _AM|J| Mi>2,

he two magnetic sublevels of the ground state in H-like Si,
nd the 81 magnetic sublevels in He-like Si arising from the
configurations &, 1s 2l, 1s 31", and 2 2I” wherel and |’
&an bes or p, andl” can bes, p, ord (see Fig. % The 1s 2|
and 2 2|’ states give rise to the upper and lower levels of the
transitions of interest. As mentioned above, He- and H-like
ion ground state population, time histories are taken from the
M3R calculation, and then used iPOLAR to compute the
sublevel population time histories of singly and doubly ex-
cited states in He-like Si. We note thatr does not calculate
magnetic sublevel populations. However, the ground state of
the He-like ion ¥ 'S, has only one magnetic sublevel and
the two magnetic sublevels of the ground state of the H-like
ion 1s %S,,, are always equally populated due to the axial
symmetry assumption. Thus, magnetic sublevel populations
for these ground states are readily obtained from those cal-
culated bymsr. The following atomic processes are taken
into account: electron capture from and autoionization to

zzation of He-like satellite lines of thky,, in silicon includes

the spontaneous radiative decay rates of the constituemi-like 1s, electron collisional excitation/deexcitation be-
magnetic-sublevel transition§21]. The MI(AM,6)’s are tween ¥, 1s2l and I 3, inner-shell electron collisional
relative multipole intensities based on wave-zone multipoleexcitation/deexcitation betweens 2l and 2 2I’, and ¥?
fields, in particular their angular parts that are also known asnd 2 2|’ (which are more important than the collisional
vector spherical harmonid20], and 6 is the angle between excitation from 5 3l to 2 2I"), collisional mixing between
the direction of observation and the axis of symmetry. Their2l 2I’, and all possible electric-dipolgEl) spontaneous ra-
values for dipole and quadrupole transitions are listed irdiative decays between He-like levels. These atomic pro-
Tables Il and Ill. Givenl; andl |, the degree of polarization cesses fall in two categories: isotropic and anisotropic, de-
is calculated according to pending upon their intrinsic characteristics and/or whether
they are driven by thermal or beam-type electrons. Isotropic
processes include spontaneous radiative decay, autoioniza-
tion decay, thermal-electron-driven electron capture, and col-

_hmh
i+l

()

TABLE Ill. Same as in Table Il but for electriE2) and magneti¢M2) quadrupole transitions.

E2 M2
M, VI M, VIR
AM=0 15 sirfd coso 0 0 15 sirf co2o
AM=+/-1 (5/2)(2cog6-1)? (5/2)co<0 (5/2)co<0 (5/2)(2cog0-1)2
AM=+/-2 (5/2)sirt0 cogd (5/2)sirto (5/2)sirt6 (5/2)sir?6 cogo
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lisional excitation and deexcitation. While these processes ]

cannot create alignment, they are capable of transferring pre- 0.010+

existing alignment from initial to final levels. The actual

alignment creation occurs through anisotropic processes _ 9-0081

driven by beam-type electrons. Anisotropic processes consid- 2 T

ered in our model are electron collisional excitation and elec- % 0.006

tron capture. These are the processes that can create the line < T

polarization effect by preferential population of magnetic @ 0.004+

sublevels. Electron collisional deexcitation driven by ener- 3 .

getic beam-type electrons is not included since this is a zero- 0.002

threshold process and hence it is dominated by thermal elec- ;

trons. Thermal electrons can also destroy alignment through 0.000 : : . . .
elastic scattering by redistributing a fine-structure level's 0 500 1000 1500 2000 2500
population equally among its sublevels. We emphasize that Electron beam energy (Ry)

within the context of this model the polarization degree is the

result of the competition between anisotrogalignment- FIG. 6. Comparison of magnetic-sublevel collisional excitation
creating and isotropiqalignment-destroying or transferring data calculated bycL and Ace for 1s 2s 1S;, M=0—2s 2p 1P,
atomic processes. M=0 and 1.

The atomic database f&oOLAR contains 1302 spontane-
ous radiative decay rates, 28 autoionization rates, and 20879. 8) that could potentially be undermined by elastic colli-
collisional excitation cross sections connecting magnetigions.
sublevels. Energy levels and electric-dipole spontaneous ra- Depolarizing effects of thermal electrons are included via
diative decay rates were calculated with the Los Alamodsotropic rates of directexcitatior) and inverse(deexcita-
atomic structure codeATs [19,22. Autoionization decay tion) atomic processes linked by detailed balancing. For a
rates were calculated using the Los Alamos atomic ionizatioigiven transition between magnetic sublevels of thievels
code GIPPER [23]. From these J-level autoionization rates, J; andJ;, we first calculate the level-to-level collisional rate
JM-sublevel autoionization and electron capture rates assodr(J;— J;). Then, we “split” the rate evenly among the con-
ated with the thermal- and beam-type electrons were calcu-
lated using the method described in Rg]. Since there is 0.014- .

little experience with the generation of large databases of a
sublevel cross sections, electron collisional excitation cross /

sections as functions of electron energy were obtained by 0.012 /

two independent calculations and then checked against each /

other for consistency. First, the Los Alamos electron scatter- 0.010-
ing codeAcCE [24] was used to generate a complete database
of cross sections for this application in the Coulomb-Born
approximation. Second, a portion of this database was inde- 0.008+
pendently calculated with thecL/aasom codes[5,25 in the e

distorted-wave approximation including unitarization. Very 0.006 —
good overall agreement was found between these two sets of o 100 200 300 400 500
sublevel cross sections. As an illustration, in Fig. 6 we show (@
the collisional excitation cross section 0§ 2s 'S;, M=0

—2s2p 'P;, M=0 and 1 driven by an electron beam. In > 1
this example the agreement is particularly remarkable at X, P
lower electron energie@ip to 10 keV or 1000 Rythat are 0.014
characteristic of most electrons in plasmas under consider-

Collision strength

Isotropic electron energy (Ry)

. 0.012 2—0

ation. | { - -1 -
The ucL code also allows us to calculate data character- g, 0.010 2~—0 ]

izing redistribution of population among the sublevels of a ] 0.008

givenJ level due to elastic electron-ion scattering driven by ‘2’ ’

thermal electrons. This process destroys alignment in any .2 0.006

givenJ level and can therefore lead to the loss of polariza- 5 0.0044 \ 1-~0

; T i iyinafi o 10

tion effect in line transitions originating from thislevel. In

our model the elastic scattering process is accounted for in 0.002

2s2p 'P; and %? 'D,. Rates for thermal-electron-driven 0,000 mZ-s : . ' :

elastic scattering are calculated by integrating the energy- "o 100 200 300 400 500

dependent collision strengtlisee Fig. ¥ over a Maxwellian (b)
distribution function. The choice of specifically these two

levels is motivated by the fact that their associated satellite FIG. 7. Elastic scattering data for magnetic sublevels@f
lines show a promising polarization effeee Table | and 2s2p P, and(b) 2p? 'D..

Isotropic electron energy (Ry)
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of natural and Doppler broadening to produce polarization-
0.80 e
dependent spectra. For electron densities of order
0.60 ] 1x 10?2 cmi 3 (and largey Stark broadening effects due to
c plasma microfields become important in these satellite tran-
‘~§ 0.404 ) @ sitions line shapes. Since the effect of Stark broadening is
E e not currently included in the model, this density sets up an
&€ .20 upper bound for its validity. On the other hand, at high den-
® sities beam-type electrons are expected to thermalize in
o.oo-%émtg which case the polarization effect would be lost.
0 200 400 600 800 1000
Time (fe) IIl. RESULTS
@ Single-cell electron temperature and density time histories
0.80 calculated byriLm, beamlike electron distribution functions
time histories computed byUTERPE and time histories of
0.60+ ) He- and H-like Si ground-state populations generateshi®y
5 () are used to calculate time-dependent magnetic-sublevel
§ 0401 populations withPOLAR. Then, polarized line intensitigsb-
3 served at 90° with respect to the quantization pxdegrees
& 0.20 (5) . . . .
@ of polarization, and time-resolved and time-integrated
M@ polarization-dependent synthetic line spectra are computed.
0.00 8 . . . .
@) The single-cell time histories computed byM can also be
0 200 400_ 800 800 1000 used to study the dynamics of silicon tracer layers buried in
Time (fs) targets made out of other materials, for the sake of recording
a silicon polarization signal. In addition, tracer layers of suf-
@ ficiently small thicknesse.g., submicroncould also be used
0.80 inimi i i
to minimize space gradients and opacity effects, and thus
simplify the interpretation of the spectra. As previously men-
0.801 3 tioned,a is a constant parameter in these model calculations.
c (C) .
S / To test the consistency of the model, valuesoofn the
5 0401 0-0.4 range were used with the expected results that the
§ ®) polarization effect vanishes far=0 and gradually increases
0.20 «\%(g for «>0. Here, we illustrate results for the cage=0.2,
© which is estimated to be a reasonable value for the condi-
0.00 ® . . . . L
) tions used in these simulatiofis6]. In an actual application

Time (fs)

0 200 400 600 800 1000

to data analysis, a sensitivity study with respect to the pa-
rametera should be performed. We also emphasize that the
details of the electron distribution function are input to our

FIG. 8. X-ray satellite lines time-dependent polarization degree
for the (@), (b), and (c) time histories shown in Fig. 3.
I=2x 10 W cm™ and @=0.2. The numeric key corresponds to
the labels indicated in Table I.

nodel calculations, and thus calculations could also be done
using electron distribution functions obtained from another
electron kinetics model and/or code.

Degrees of polarization time histories for the single-cell
time histories of Fig. 3 are shown in Fig. 8. The two singlet
lines develop significant polarization while the triplet lines
remain essentially unpolarized. These time histories provide
(4) important information for studying the formation of

polarization-dependent line spectra. In general, the atomic

kinetics of every cell goes through a strong and fast ioniza-
These sublevel rates are therefore isotrgpé, independent tion followed by a slower recombination. The polarization
of M) in our model. This formula is consistent withlevel  tends to be higher later in time during the recombination
kinetics in isotropic plasmas and, in addition, it models thephase when the depolarizing effect of the thermal electrons is
effects of thermal electrons on sublevel kinetics that tend tdess important. High peak temperatures in cells closer to the
equalize populations within individudl levels. The formula surface also keep the polarization in the outermost cells low
strictly holds only in isotropic plasmas=0) but remains a around the time of the laser pulse peak. One of the demon-
good approximation in case of small alignments, which westrations of the complexities of the collisional-radiative mag-
do observe during the time interval in plasma evolution whemetic sublevel atomic kinetics is the exchange of roles be-
the thermal electrons are most effective. tween the two singlet lineg2s 2p P;—1s2s'S) and

Polarization-dependent total line intensities are then com¢2p? 'D,— 1s 2p !P,) as leading polarization markers de-
bined with Voigt line shapes that take into account the effectpending on the distance from target surface. Electron capture

stituent sublevel transitionM; and J;M; according to,

R(J; — Jp)

R(JM; — JsMy) = 23+ 1
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2x10° - - - 6x10° . . .
t=500 fs ] : 1
=g 5x10° parallel 4
s 1 e parallel o) ] — perpendicular
g perpendicular - S 4x10°- 1
= o] ] g 1 1
% 1x10 £ ax10’; -
E ‘B T
10% ] $ 2x10°- :
i ] c ]
o / \ ] 1x10° -
1975 1980 1985 1990 1995 1 FARY
Photon energy (eV) 0 — T =
1975 1980 1985 1990 1995
Photon energy (eV)
1x10° T T T
t=750"1s FIG. 10. Time-integrated parallel and perpendicular
_ i  'p varallel polarizatign-dep?gdent spectra for time histaiyy in Fig. 3.
2 perpendicular 1=2Xx 10 W cm? anda=0.2.
; 6x10' i figure, polarized lines show nonoverlapping traces associated
E , with parallel and perpendicular intensities while lines with
g 4x10'] i negligible polarization have almost-overlapping parallel and
£ 30% perpendicular traces. According to the corresponding
= 2x10'4 T simulation(Fig. 3) the electron number density at these se-
IR , lected time instants has dropped below?€@mn™3. Stark
$975 080 vo6a 990 1995 broadening of these Si lines is relatively weak at such con-
Photon energy (eV) ditions; therefore the use of Voigt line shapes includamdy
natural and Doppler broadening is justified. As indicated by
the polarization degree time histories in Fig. 8, it is the two
4x10’ : 10'00f : singlet lines that develop a notable polarization—especially
t= s later in time. In Fig. 9 this polarization effect is apparent by
— 3x10°A . T parallel | the different(i.e., nonoverlappingintensity distributions per-
£ perpendicular taining to the two polarization states.
2 55% The synthetic spectra in Fig. 9 are time resolved and use-
8 2x107 1 ful for understanding the formation of polarized line spectra
-‘g in the plasma. Taking into account early, weakly polarized
£ 1x10'- emissions into a time-integrated synthetic spectra can reduce
the polarization effect. The outcome can also be complicated
/AN 1 by Stark broadening associated with higher electron number
3975 "'1"9-80 . 058 19-9‘(; 7995 densities early in time. However, this early emission is weak

Photon energy (eV) and thus does not change the qualitative appearance of the
polarization-dependent synthetic spectra and the reduction of
FIG. 9. Parallel and perpendicular polarization-dependent speqaolarization(due to time integrationis modest. Figure 10
tra for several instants of time for time histo(p) in Fig. 3.  shows the time-integrated polarized line spectra for time his-
1=2x10'® W cm™ and @=0.2. The degrees of polarization of the tory (b) of Fig. 3.
two singlet lines are indicated in the figure. We now discuss the dependence of polarized line emis-
sion properties on the intensity of the driving laser and the
tends to be more effective in aligning thB upper level but beamlike electron fractior. The intensities that we consid-
as a feeding channel it is less competitive with collisionalered were X 10'6, 5x 10, 1x 10!/, and 5x 10" W/cn?.
excitation favoring the more polarizé® deeper in the tar- Closer to the surface the total line intensities increase up to
get. Polarization of théP line surpasses that of tH® line  an order of magnitude over this range of laser intensities.
closer to the surface where the population of H-like ion’sDeeper in the target line intensities also increase with the
ground state becomes larger relative to the populations dhser intensity, although by a smaller amount. Theline
excited states in He-like ions, and the importance of electromemains the strongest line for all laser intensities. We also
capture rises accordingly. observe a shift of the emission peak towards earlier times
In Fig. 9 we present polarization-dependent synthetiovhen a stronger laser pulse is used. While the line intensity
spectra calculated at three times for time histdmyof Fig. 3. time histories peak around 500 fs for the<x20'® W/cn?
These spectra feature a collection of triplet lines flanked byaser intensity, the peak of line emission is reached at ap-
two singlet lines: ? 'D,— 1s 2p P, at the low-energy end proximately 300 fs in the %10 W/cn? laser intensity
and % 2p 'P;—1s2s 1S, at the high-energy end. In this case. Significant line emission turns on earlier as well; while
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TABLE IV. Time-integrated polarization degree of th@?2'D,—1s 2p P, line as a function of laser
intensity and beamlike electron fractien

[(W cm?) a=0.1 a=0.2 «=0.3 a=0.4
2% 106 0.08 0.16 0.22 0.26
5% 106 0.05 0.10 0.14 0.19
1x 10 0.04 0.07 0.11 0.15
5% 1047 0.02 0.04 0.06 0.09

the lines begin to “light up” at approximately around 300 fsillustrate the sensitivity of the polarization to both free pa-
for the case of X10'%W/cm 2 laser intensity, in the rameters (laser intensity and beam-electron fractian

5x 10" W/cm ™2 case noticeable emissions appear as earlyables IV and V display time-integrated polarization degrees
as 100 fs. This effect could be explained by a faster rate 0ff the two singlet lines for the same fluid element of Figs. 9
plasma ionization associated with higher laser intensitiesand 10. Surface plots and contour lines associated with these
which then begins to populate the upper levels of the He-likgples are shown in Fig. 11. It can be seen thaia# ex-

satellite transitions earlier in time. In regard to line polariza-pecteq the fraction of beamlike electrons increases with
tion we observe a generally decreasing trend for maximum

polarization values with increasing laser intensity and for a
constant value ok. This effect is most apparent in the case
of the two singlet lines. Higher laser intensities produce ther-0.2 5
mal electrons that are more energetic and also increase th
high-energy tail of the beam distribution. In the case of He-
like Si satellite lines with excitation thresholds and electron
capture resonance energies of about 2 keV, this “energy
boost” effectively increases the number of thermal electrons ¢ .1 5
that can drive population intol2I’ levels via inner-shell
collisional excitation and resonant electron capture pro-
cesses. This trend increases the role of the thermal electror °
in sublevel kinetics, which works against polarization. The
same effect, however, moves more of the alignment-creating 0.05
beam electrongenergies of several ke\even farther from
this 2 keV threshold, thus decreasing their competitiveness
against the thermal portion of the electron pool. Since the
polarization degree is the result of the competing effects of (
beam (alignment-creating and thermal (alignment-
destroying electrons, the net result is therefore a gradual
reduction of the polarization effect with increasing laser in-  ,
tensity and for a constant. Thus, for these He-like Si sat-
ellite lines we have found that they show a significant polar-
ization effect at laser intensities of>210'* W cm™ and
5X 10 W cm ™2, but the polarization becomes weaker at
higher laser intensities. For laser intensities above™
5% 10'® W cm™2 however, a significant polarization effect in
these same line transitions could be expected in an elemer 0.2
of larger atomic numbegand corresponding threshold ener-
gies.

On the other hand, if we keep the laser intensity constant, 0.1
the polarization degreP will increase for increasing. To

0.20

0.3

TABLE V. Same as in Table IV but for thes2p'P;—1s 2s'S, 0.10
line.
(W cm™2) @=0.1 @=0.2 @=0.3 @=0.4 (b)
6

2x 10" 0.13 0.25 0.33 0.39 FIG. 11. Surface plots and contour lines associated with the
5x10' 0.08 0.16 0.23 0.28 time-integrated polarization degrees shown in Tablega\Vand V
1x10Y 0.05 0.11 0.17 0.23 (b); X=alog(l/1y), wherea=7.1534 andy=1.45x 106 W cm™2.

5% 10Y7 0.03 0.07 011 0.14 The range of | is from 2x10%¥Wcm?2(X=1) to

5X 107 W cm 2 (X=11).
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the laser intensityl, the polarization effect on the singlet tion is an input and thus electron kinetics codes that compute
lines can also increase. The details will depend on the chaelectron distribution functions which self-consistently in-
acteristics of the electron distribution function. clude both thermal and directional electron can be used as
Other potentially depolarizing effects include electron-ionwell.
and ion-ion elastic scattering since, when driven by electrons We have applied this technique to study polarized x-ray
(or iong characterized by a Maxwellian distribution, they 2| 2|’ — 1s 2| satellite line emissions from laser produced
can mix the population of magnetic sublevels associated witsilicon plasmas taking into account hydrodynamics, and
a given fine structure energy level and thus destroy the aligrelectron and atomic kinetics effects. We calculated synthetic
ment. To address the first effect on the two singlet lines thapolarization-dependent spectra - both resolved and integrated
show polarization, electron-ion elastic scattering cross sedn time. We have identified two singlet linesp2'D,
tions were calculated using thecL/JAJOM codes of Refs. —1s2p !P; and % 2p P, —1s 2s 1S, to be primary can-
[5,25), and used to calculate corresponding rates which werdidates to produce strong polarization effects and therefore
then explicitly included in the magnetic sublevel atomic ki- serve as polarization markers of plasma anisotropy. On the
netics calculatiorgi.e., POLAR). Only the Maxwellian part of other hand, the triplet line$2p? °P;— 1s 2p 3Py, , and
the electron distribution function associated with the pool of2s 2p 3P, ; ,— 1s 25 3S;) develop very little polarization
thermal (cold) electrons was used to calculate these ratesind therefore can serve as unpolarized reference lines. We
since the beamlike electrons in the plasma are too energetite that the depolarizing effect of elastic scattering due to
to efficiently drive elastic scattering. The effect of electron-electron-ion and ion-ion collisions was checked and found to
ion elastic scattering was found to be negligible in our casebe negligible for the plasma conditions considered here. The
of interest. The influence of ion-ion elastic collisions is alsomodel discussed in this paper is general in the sense that it
estimated to be negligible based on calculations of ioncan also be applied to other elements and line transitions.
dynamics line broadening which result in line widths that are  The study of the laser intensity dependence of polarized
an order of magnitude smaller than those due to electroile-like Si satellite line spectra reveals that at high laser in-

broadening from elastic collisions. tensities (>5x 10'** W cm™?) the beam-type electrons be-
come too energetic and gradually less efficient to create
IV. SUMMARY AND CONCLUSIONS alignment through collisional excitation or electron capture.

. ) . However, a higheZ element will have larger excitation and
In order to calculate the characteristics of polarized lingegonance energies that makes the same line spectra likely to

emissions we have developed a formalism based on Be g yseful polarization marker at higher laser intensities.
collisional-radiative atomic kinetics model of magnetic sub-
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