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Abstract: We present an advanced analysis of the spectroscopic signatures of the interaction of a strong Quasi-
monochromatic Electric Field (QEF), generated by a high-power short-pulse laser, with a preformed laser-produced
plasma. The computation of a synthetic spectrum emitted by such plasmas requires the calculation of the Stark line
shape in the presence of a QEF and the evaluation of the QEF intensity profile throughout the line of sight in the plasma.
Stark profilesin hot dense plasmas containing astrong QEF are cal culated using the so-called Floquet-Liouvilleformalism.
In this paper, in distinction to our previous publications, we studied the roles of the quadrupol e interaction with theion
microfield and of the quadratic Stark effect. Then Particle-In-Cell (PIC) kinetic simulations were performed for taking
into account the inhomogeneity of the QEF intensity. These theoretical calculations were applied for a spectroscopic
analysis of the experimental Al He B line. The spectroscopic signatures of the QEF are prominent satellites,
non-symmetrical with respect to the unperturbed line and distinguishable from the diel ectronic satellites. We found that
the allowance for the quadratic Stark effect was important for the consistent interpretation of the experimental results,
while the allowance for the quadrupole interaction with the ion microfield did not play asignificant role.

PACS: 52.38.-r, 32.70.-n, 52.70.-m, 32.60.+i.

1. INTRODUCTION

In arecent paper [1] we presented general principles of
spectroscopic diagnostics of plasmas containing aQuasi-
monochromatic Electric Field (QEF). We also provided
an analysis of the corresponding experimental data via
advanced simul ations coupling aspectral line shape code
based on the Floquet-Liouvilleformalism with aParticle-
In-Cell (PIC) kinetic code providing aspatial distribution
of the QEF in the plasma.

The experimental profiles have been obtained from
spectroscopi c diagnosticsdesigned for densehot plasmas
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generated with two high-power short-pulse laser beams.
Thefirst beamisusedto createthe plasma, and adelayed
high-power short pul selaser crossesthepreformed plasma,
generating astrong oscillating QEF. Itiswell knownthat
under specific conditions of the present experiment, the
plasma does exist when the first laser is off [2]. The
experiment and the spectroscopic diagnostics were
performed at the Jenalaser system JETI [ 3, 4]. The short-
pulse laser interaction with the pre-formed plasma was
described by a PIC kinetic simulation code yielding, in
particular, thespatial distribution of theQEFintheplasma.
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So, at the focus of paper [1] were effects of the
external strong QEF— due to the second laser—on the
Stark profiles. Some signatures of externally introduced
laser fieldsin x-ray emission had been previoudy exhibited
using the same experimental device[3, 4]. Itisimportant
to emphasize that, in those situations, no plasma waves
(which might have been caused by the interaction of the
pre-formed plasmawith thefirst laser) areinvolved, since
thefirst laser isoff during theregistration of the spectral
line profiles at given distances from the target surface.

The analysis in paper [1] provided an overall
satisfactory interpretation of the experimental data.
However, some experimental features remained
unexplained. For example, atentative explanation of one
of the features was through a hypothesis that it was a
dipole-forbidden transition 1s? 1S, - 1s3s 'S, activated by
the coupling of the singlet states 'S, and 'D,, via the
guadrupoleinteraction with theion microfield.

Thereforein the present paper we studied therole of
the quadrupol e interaction with the ion microfield. We
also studied the rolethe quadratic Stark effect. Theresults
are presented below.

2. EXPERIMENTAL SETUP AND THE
FIELD-MODIFIED AL HE-BETA LINE

The experimental data needed for comparison with the
theory were collected at the Jenamulti-terawatt Ti:sapphire
laser system JETI [5]. The laser routinely provides 1J of
energy, apulse duration of 80 fs (FWHM), and repetition
rate of 10 Hz. In the experiment, the laser pulse with the
wavelength of 0.8 um was stretched to 12.5 ps and the
energy of 0.65 Jddlivered at the entrance window of the
interaction chamber was plit into two beams[4]. The near-
target configuration of these beams, which were focused
by off-axis parabolic mirrors to foci with a diameter of
about 20 m, isschematically showninFig. 1. The plasma
producing laser beam (0.2J, 5 x 10'®* W/cm?) was
introduced to the chamber viaadday lineand focusedtoa
flat tip of the tapered Al target. The second beam (0.45J,
1.2 x 10* W/cm?) with the axisparallel tothetarget surface
was hitting the plasmaplumetransversally. The axisof the
plasma expansion, the electric field of the second beam
and the direction of the x-ray spectra observation were
mutually perpendicular. The electric field vector of the
second laser beam was approximately perpendicular to
the line of sight of the spectra, i.e. the transverse-field-
affected line profiles were observed.
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Fig. 1: Schematic diagram of laser beams and target geometry

Both focused laser beamswere spatial ly overlapped
andtemporally synchronizedwith precisionbetter than1ps.
Thetiming and positioning of the perturbing beam above
thetarget surfacewithrespect totheplasmacritical density
surface (for the laser wavelength of 0.8 um, this
corresponds to the electron density n,= 1.7 x 10%* cm’®)
and the duration of the Al Hef3 emission were optimized
using predi ctionsof one-dimensional plasmasimulations
[4]. Theconclusionsfollowingfromthismodeling can be
recapitul ated in two points. Even at ashort distance of 20
pum above the target, the Al He3 emission starts safely
after termination of the plasma-creating beam that
precludesdirect field effectsof thisbeamontheobserved
l[ineemission. In contrast, agood temporal overlap of the
plasmaAl Hef3 emissionwiththe50-ps-del ayed perturbing
beam is favorable for observation of field effectsin the
spectral lineprofiles. Themacroscopic plasmaparameters
simulated in moredetail by two-dimensional Lagrangian
hydro-code CHIC [6] indicate that at the distance of 20
um from the target, the quasi-flat distributions of the
electrondensity Ne(well below then /4) and temperature
Te (slightly above 120 eV) exist with a transverse
dimension comparable to the focal spot diameter. These
parametersarewel | compatiblewiththedesiredlaser field
penetration into the preformed plasma and with the
observation of the spectral lineAl He3 emission.

Thex-ray spectrawere measured with thetoroidally
bent crystal spectrometer (TCS) using acrystal of quartz
(10-1) with bending radii 150/106.4 mm and fitted with
aCCD camera. Thefulfillment of thefocal condition for
Al Hef radiation [7] at the source-to-crystal distance of
83.8 mm resulted in a spectral resolution of 6100, a
magnification of 1.77, and aspatial resolution of approxi-
mately 12 pm. The spectral range of 28 eV covered by
the spectrometer was relatively small but sufficient to
study the full profile of the Al Hef3 emission centered at
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1867.7 eV. Benefiting from the extremely high collection
efficiency of the TCS, the spectrawererecordedinsingle
laser shots. Further details concerning the experimental
configuration and the spectra calibration can be found
in[4].

The unperturbed Al He3 emission was observable
up to a distance of about 90 um above the target. The
presence of the transverse laser beam introducing the
external electric field into the plasma environment
slightly increased the noise of the spectral records and,
most importantly, induced distinct modulations into the
line profiles. The field effects were varied by changing
thetime delay between both laser beams and the distance
of the perturbing beam above the target. In agreement
with simulations, the most pronounced spectra pertur-
bations were observed with the transverse laser beam
delayed by 50 ps and introduced at the distance of 20 um
above the target. The reproducibility of the perturbing-
beam-induced structures in spectral profiles Al HeB is

" Al Hep resonanceline . o
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Fig. 2: Reproducibility of Al Hef line profilesrecorded in different
shots. The experimenta data (dots) are smoothed using the
5-point FFT (solid line). The bottom profile in this figure
has been sel ected for compari son with theory and simulations.
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demonstrated in Fig. 2, where the measured points are
smoothed using thefive-point fast Fourier transform. Albeit
not al fine details are resolved in each spectrum, the
presence of the dominant extremesin spectral lineprofiles
is reasonably well reproducible. The identi-fication of
these local maxima follows from detailed simulations
presented in the next section.

3. GENERAL OVERVIEW OF
THE SIMULATIONS

The Liouville space, usually employed to deal with the
calculation of Stark profiles in dense plasmas, and the
Floquet theory, developed to solve time periodic
problems, have been joined together to solve the time-
dependent Liouville equation in a so-called Floquet-
Liouvilleformalism[8]. The Floquet-Liouville operator,
introduced to solve the time-dependent problem (Stark
effect in a time-dependent QEF), leads to a time-
independent treatment carried out viaan operator of the
infinite dimension. Nevertheless, the periodic property
of thisoperator allowsoneto consider only the projection
of the Floquet-Liouville operator on the Floquet subspace
of the fixed principal quantum number n. Depending on
the coupling between the Floquet subspaces for the
Floquet-Liouville operator, for any desired accuracy of
the line shape calculation, there exists a value of n, at
which the Flogquet subspace can be truncated.

The effects of laser-plasma interaction relevant to
the experiment performed at Jenaare of two kinds. First,
there is Raman and Brillouin back-scatterings, due to
which the QEF amplitude in the plasma can be
significantly higher than the amplitude of the second laser
field in vacuum. Second, strong plasma oscillations are
excited due to the parametric instability, resulting in the
spatial modulation of the electron density.

The kinetic PIC simulations show that the spatial
distribution of the electric field depends on the initia
electron density profile in the plasma crossed by the
second laser. Parabolic electron density profiles were
introduced with different maximum densities.

The physical phenomena involved are sensitive to
whether the maximum el ectron density isbelow or above
one quarter of the critical density n.. Above n /4, under
the conditions of the present experiment, the dominant
processisthe stimulated Brillouin backscattering in the
so-called strong coupling regimeleading to theformation
of transient phenomena, such as plasma cavities and
transverse el ectromagnetic solitons [11].
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Fig. 3: Distribution of the energy density of the transverse QEF inside the plasma (the pulseis coming from theleft) at three instantst. The
values are normalized to the energy density of the incident laser field. For these PIC simulations, two average electron densities
0.1n,, 0.2n_ are considered and an average el ectronic temperature 150 eV has been chosen.

Figure 3 presents the results of the kinetic PIC
simulations of the spatial distribution of the transverse
time-averaged (over oscillating period) electric field in
theplasmafor initial electron densities0.1n.and 0.2n_at
three instants t during the second laser pulse. It shows
significant changes compared to thelaser field in vacuum
and astrong dependence on theinitial electron density.

4, SYNTHETIC FLOQUET-LIOUVILLE
PROFILES

4.1 Space and Time Integrated Synthetic Profile

For adetailed comparison with the observed Al He spectra
emitted from plasmas in the presence of QEF, we
introduce synthetic line profile simul ations obtained within
the Floquet-Liouvilleformalism, and coupled with el ectric
field PIC simulations.

The spectroscopic diagnostic has no timeresol ution.
So we assume that the synthetic profile is a sum of two
terms. Thefirst termisdueto the Al Hef3 emission from
the perturbed plasma existing only during the time
interval T corresponding to the duration of the second
laser pulse. The second term is due to the total Al Hef3
emission of duration At from the unperturbed plasma
before the second laser pulse. Both terms involve space
integrations along the line of sight x and thus take into
account the spatial transverse inhomogeneities.

Hencethe synthetic profileisexpressed asfollowing:

dJDJ’éexpDIkNT
[

unpert é eXpD I k NS,TEO) (Ng,Teo) dXEE

- (1)

(E(x 1), N, T,) e X
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In the unperturbed profile contribution, the
normalized profile ¢ and the absorption coefficient k
are calculated for a time/space average density NO
characterizing the plasmabefore the second laser pulse.
In the perturbed profile contribution, the normalized
profile ¢, and the absorption coefficient k are cal cul ated
for atime/space average density N This assumptionis
reasonable because the density affectsthe profilesweakly
compared to the effect of the QEF. The average density
is N, smaller than N2 Thisis because by the time, when
the pulse of the second laser reaches its maximum, the
plasma has already expanded transversally compared to
its dimension during the emission of the “unperturbed
profile”.

So, the temporal and spatial dependences of the
eectric field are taken into account in the integrations
in (1). These dependences are simulated by the PIC
kinetic code. The profiles are calculated by the Floquet
Liouville codeincluding both the quadrupol einteraction
and the quadratic Stark effect.

4.2 Partial Profiles

In order to evaluate the space/time integrated synthetic
profile, simulations for each set of parameters E, N,, T,
have to be done. For these simulations, only one value
for N, and one for T, [1] have been considered, while
only E isvarying. Once those plasma parameters are set
up, the atomic basis to be considered, i.e. the number of
levelstoincludeinthe profile calcul ation, hasto befixed.
Sincetheintensity of the QEF can be very high, the shifts
dueto the Stark interaction with this QEF canresult inan
overlapping of n=3 and n =4 levels (nisthe principa
quantum number). Thiseffect isquite similar to thewell-
known high-density plasma effect when high n lines
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Fig. 4: Al Hep profiles calculated considering either n = 3 states, or n = 3 and 4 states. The QEF intensity is3GV/cm.

overlap each other and merge in the continuum, due to
the high values of theionic microfield. In distinction, in
the present study physically the root-mean-square value
of the strong oscillatory electric field (rather than the
quasistatic ionic microfield) is responsible for the
overlapping of the multiplets n = 3 and n = 4. Figure 4
showsthe effects of the choice of the atomic basison the
profile, considering only n = 3 states and considering
n=3and n =4 statesin the Al-HeP line calculation.

Two different spectral features can be exhibited in
the comparison made in Fig. 4 between these two cases.
Thefirst one is a shift of the main line and its satellites
when considering the enlarged atomic basisn =3 and 4
states. This shiftisabout 1.7 mA, and it isin agreement
with the quadratic Stark shift calculation as shown in
[1]. The second feature is the emergence of new
satellites due to the interaction of n =3 and n = 4 states.
Thislast feature was not exhibited in previousworks[1]
because the atomic basis used included only n=3levels.

Thiscomparison concernsonly the perturbed profile
¢, to beintroduced in the synthetic profile.

4.3 Comparison Between Experimental and
Synthetic Profiles
For all synthetic profiles, we chose an average
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temperature Te =150 eV, an optical depth L =50 um, an
average electron density N2 = 0.6n,, and the second | aser
pulse duration T = 10 ps (FWHM). The parameters N,
and At .. had to be fixed for the best agreement with
the experimental results. Finally the synthesized profiles
were convoluted with a Gaussian instrument function of
0.3 eV FWHM.

Figure5 showsthefull Al HeP3 profile, smulated here
for N,=0.2n, = 3.3 x 10?cm® and At ..., = 8.9 ps, and
the comparison with the experimental profile. One of the
main pointsin thisfinal comparison isagood agreement
for theintensity and the broadening of the central part of
the Al Hef3 line, as well as for the first two satellitesin
the blue side and for the first two satellites in the red
side. More distant satellitesin the simulated profile are
located in the far wings, where the experi-mental profile
merges into the noise.

Thisnovel synthetic profilereproducesall the satdllites
located in the central part of theline—indigtinctionto our
previouswork [1]. Moreover, after dlowing for the quadratic
Stark effect viatheenlarged atomic basis, thereisno need
toartificially shift the synthetic profilefor the comparison
with the experimental one. In work [1], the discrepancy
concerning the second peak inthe red wing of thelinewas
tentatively attributed to a possible role of the quadrupole
interaction withtheionic microfield, enhanced by the QEF.
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Fig. 5: Comparison between the simulated total (“perturbed” + “unperturbed”) Al He profile and the experimental profile. The parameters

shown in the frame correspond to the best fit.

The authors of paper [12] had pointed out a potential
importanceof takinginto account the quadrupol einteraction
for the interpretation of spectral line profiles in laser-
produced plasmas. So, inour current simulationswe have
tested the actual importance of doing so.

Specifically, wetested the hypothesisfrom paper [1]
that the unexplained experimental peak (the second one
inthe red wing) was adipole-forbidden transition 1s* 'S,
- 1s3s !5 activated due to the coupling of the singlet
states 'S, and !D,, viathe quadrupol einteraction with the
ion microfield. However, our current calculations of this
effect showed that it was not strong enough to explain
the experimental feature. It is the quadratic Stark effect
introduced viathe enlarged atomic basis that turned out
to be important for the consistent interpretation.

5. CONCLUSIONS

We presented acomplex analysis of the experimental Al
He-beta emi ssion from aluminum plasma created by one
ps-laser beam and then subjected to another delayed ps-
laser beam. The analysis was based on the advanced
simulations coupling the code based on the Floquet-
Liouvilleformalismwith thekinetic PIC codethat provides
a spatial distribution of the QEF in the plasma. We
demonstrated that the allowance for the quadratic Stark
effect was important for the consistent interpretation of
the experimenta results, while the allowance for the
guadrupoleinteraction with theion microfield did not play
asignificantrole.
\
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