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Large anisotropy of the electron distribution function in the high-density plasma produced
by an ultrashort-pulse UV laser
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Anisotropy of the electron distribution function in a high-density plasma was measured with x-ray polar-
ization spectroscopy. A prepulse controlled KrF laser was used to produce a plasma with a density of up to
10?2 cm™3. In the high-density plasma, a large beamlike anisotropy was observed when the collision time was
less than the laser pulse length. The direction of this anisotropy was aligned with the polarization of the
incident laser field. The amplitude of the anisotropy was reduced when the polarization of the laser was
changed fromp to s polarization. These results show that the observed anisotropy was introduced by the
applied laser field and that x-ray polarization spectroscopy is a good tool for diagnosing high-density plasmas
created by ultrashort-pulse lasefS1063-651X97)02107-1

PACS numbd(s): 52.40.Nk, 52.70.La

INTRODUCTION plasma medium. Observation of anisotropy of EDF in laser
produced plasma was first achieved by Kiefégral. [3]. A

Recent advances in ultrashort-pulse laser technology haveum wavelength laser interacted with preplasma which was
made it possible to create high-density, highly ionized, androduced by the prepulse of the laser system. The measured
nonequilibrium plasmas. They are far from thermal equilib-density of the plasma was #0cm ™2 or less.
rium so they are expected to be a good medium for x-ray T0 confirm whether the anisotropy of the EDF is a key
lasers and ultrashort-pulse x-ray sources. In these plasmaarameter in a short-life high-density plasma or not, the fol-
the electrons and ions cannot reach an equilibrium, thereforéWing two questions had to be answered experimentédly.
the electron temperature, which is normally used for characin the higher-density plasma and lower intensity laser field
terizing electron behavior, will be undefined, because thdWhere the quiver energy is lower than that of the excitation
velocity distribution will be non-Maxwellian. To overcome In the target ionk doc_as_ a S|gn|f|cantl amount .Of anisotropy of
this difficulty, the electron velocity distribution function the EDF occur?2) Ifitis observed, is this anisotropy driven

X ; ; " L
(EDF) has to be measured directly. In the Iower—densityby the_ T‘lpp“ed laser SEId dlrecr'ily. T_he secon;j rc]]uestlon IS
lasma that are created using gas targets, it can be measureg 2 y Important, because the anisotropy of the EDF can
P ’ 5% be driven by the steep density gradieit

by the laser Thomson scattering mettjadl However, opti- In this study, it was assumed that the collisions randomize

cal probing of the high-density plasma is difficult due 0 it yhe anisotropy of the EDF. Therefore, the density has to be
large absorbance, refractivity, and fast transit time. A neWscaied by the number of collisions which occur during the
dlagnostlc method'wpuld be useful becayse of the interestingger pulse. For this estimate, a 90° deflection time of spe-
physical characteristics of the high-density plasmas producegfic energy electrons by electron-ion collisions was consid-
by the interaction of ultrashort-pulse lasers with solid targetsere(.
where the density remains high during the laser pulse be-
cause of the limited hydrodynamic expansion. mgvg
In these plasmas, the incident laser field causes the elec- 0= g 7N -
trons inside the plasma to oscillate and drives processes, mNes €N
such as collective plasma waves or thermal conductive flux. ) ) )
Initially, the EDF has a large anisotropy which is determined [N this formula,e is the electron charge, Anis the Cou-
by the applied laser field. After enough collisions have oclomb logarithm,n, is the electron density,, is the electron
curred, this anisotropy may disappear and the plasma will b¥€locity, me is the electron mass, ard is the ion charge.
thermalized. If the applied laser field gives not only energyThe dominant velocity of the electrons for the excitation of
to the electrons but also anisotropy to them, the anisotropy dhe ions was dependent ah because the rate of excitation
the EDF itself can be considered as one of the parameters @&nd the polarization efficiency are maximum at just above
denote these plasma behaviors. The driving and relaxation &he threshold energy which was dependenZdnThe elec-
anisotropy in high-density plasmas is one of the key issues iffon density dependence on the laser wavelength can be
recent plasma physics studigs. scaled by the critical density. Therefore, the collisionality of
The anisotropy of the EDF can be estimated from thethe created plasma was proportional tgg~neve °Z
polarization of an emission line. It is not necessary to assume-A ~2Z 2. For example, in Kieffer's previous experiments,
an equilibrium model, unlike normal electron temperaturethe ratio of the pulse duration andg, was in the order of
measurements. The wavelength of the emission lines can haity (A\=1.06 um, Z=13, ng~ 107 cm~3). To simulate a
chosen by tracer ion species, therefore, the soft and hamtore collisional “high-density” plasma, the wavelength
x-ray signal can be selected for diagnosing the high-densitpf the laser and th& number of the tracer ions has to

1063-651X/97/561)/9884)/$10.00 56 988 © 1997 The American Physical Society



56 LARGE ANISOTROPY OF THE ELECTRON ... 989

be decreased. In our study, a deep ultraviolet KrF
(A=0.248um) laser was used and F iong€9) were cho-
sen as the tracer. The collisionality was greater by two orde
of magnitude in comparison with the previous experi-
ment. The created electron density will be a few times Parallel polarization
10?2 cm ™2 and is as high as only one-tenth of the so-called Alfilter for UV cut
solid-state density. In other words, the observed aniso <« Kaife cdge for
tropy of EDF simulates that of 2.6 keV electrons in solid
density plasma. The intensity where the quiver endtgy

is equal to the excitation energl,, is estimated to be

| =2x10'" W/cm?, all experiments in this study were per-
formed below this intensity.
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The experiments were carried out with a TW KrF laser o

systen 4] at the Institute for Laser Science of the University

of Electro-communications. While the maximum output F|G. 1. Experimental setup for measurement of the polarization
power of this laser is 2 TW/beam with 500 fs pulses, a longebf the resonant line emission. A pair of crystal spectrometers were
2 ps duration pulse was used for decreasing the dispersidocated at almost the same distance, in the same line of sight, and
and nonlinear absorption inside the windows and the focuseonsisted of the same Bragg crystals and UV-cut filters. The sur-
ing lens. The amplified beams were focused on the targétces of the crystals were aligned orthogonally with each other. A
with an F/3 aspherical lens and the intensity on the targetknife edge was set near the plasma for measuring the spatial profile
was changed from £W/cm?-10"® W/cm? by changing its ~ of the line emission.

position near the best focusing point. Saturable absorber fil-

ters of acridine in methandl5] were introduced between on the target was 40° for all experiments in this paper. Ac-
each amplifier. The prepulse energy can be controlled by theording to our previous experimer(tg], the optimum angle
concentration of the absorbers. For higher-density plasmaf the resonant absorption was 55°lat 10" W/cm? and
creation in this study, the prepulse energy had to be minithere were small effects of it within the 40° incident angle
mized. After careful control of the concentration, the powercondition.

contrast ratio of the prepulse and main pulse was"kh the

target. There was no plasma emission and no observable EXPERIMENTAL RESULTS AND DISCUSSION

damage on the target without the main pulse. ] )

The polarization of the emissions from the target were Typical spectra from the polarized spectrometers are
measured by a pair of flat KAP crystal spectrometers, whictshown in Fig. 2. A series of He- and H-like F lines were
were located at almost the same distance, in the same line 8Pserved. According to the previous pap@}, the degree of
sight, and consisted of the same Bragg crystals and UV-cie polarization of the He line was determined by
filters. The experimental setup is shown in Fig. 1. To com-
pensate for the small difference of each spectrometer, which p— =1,
was mainly caused by the nonunity aspect ratio of the target I+
plasma(expansion length vs plasma widltthe intensity of
the H-like L« line was used for calibration. This line was  The polarization of He in the Fig. 2 spectrum was esti-
considered to be unpolariz¢@]. Its opacity effect on these mated to be+0.25. If the P,=0.6 (the polarization for
calibrations was small because each spectrometer had thige monoenergetic electron bears assumed[3], this
same line of sight which was orthogonal to the incident lasepolarization is evidence of a large anisotropy of the
plane. One cleaved surface of the Bragg crystal was alignellDF (f,/f;=2.0, this means almost beamlike EDR this
to be parallel to the target surfacH|) and the other aligned plasma. The electron density of the emitting plasma was
to the normal [L). The Bragg reflection of each crystal was estimated by Stark broadening of the #dine whilst
strongly dependent on the polarization. At an incident angleonsidering the plasma size and the instrumental broaden-
of 40°-50°, the reflectivity ratio of thes and the ing effects. The observed electron density was 0.7-1.5
p-polarized beams was greater than ten. The polarization ak10?? cm™~2. The ratio of the pulse duration and the colli-
the emission was estimated by the ratio of the spectral intersion time was greater than 100. Even in such high-density
sity between each spectrometer signal. In several shots glasmas, a large beamlike anisotropy of the EDF was ob-
these studies, a knife edge was introduced between the targadrved. In comparing the previous experiments, the sign of
plasma and the spectrometer to obtain the spatial profile gfolarization was opposite and the absolute value of polariza-
the emission. The distance between the peak emission pogsien was large though the electron density was greater than
tion and the target surface and the length of the emission arehe turning point of the laser fielch{>n.cos6).
were as small as 2Qm, which was the spatial resolution of  To investigate the driving force for the anisotropy, the
this measurement. dependence of the polarization and intensity of the incident

Because the lowez fluorine atoms were used as a tracer,laser was measurggéig. 3). In this figure, the error bars of
CF, foil targets were chosen. The laser’s angle of incidentach data denoted the estimation error of the polarization

for
Perpendicular polarization
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012' — '13 '14' — '15 16' = '17' polarization on the emitted x-ray polarization. A large difference
was observed with thep-polarized laser condition and the
(a) wavelength[A] s-polarized one. This is the most reliable evidence for the polariza-
tion of the x ray of the resonant line, because the setup and the other
conditions were the same except for the laser polarization.

Parallel component

[ Ly T culty in explaining the polarization dependence on the an-
0.8 ] isotropy of the EDF by normal resonant absorption theory.
[ 1 In a previous papel3], the anisotropy of the EDF was
I Hew | explained by the short scale length properties. Because the
0.6 | Hop scale length of the created plasma may depend more strongly
on the laser intensity than the laser polarization, their model
0.4 can not explain our experimental results. In addition, they
B ! ﬂ ] observed a pancakelike EDF&0), while a beamlike

Intensity [arb.unit)

EDF(P>0) was observed in oyp-polarized laser shots. If

o2 L ; we consider that the small but negative polarization observed
[ WW\/U L_,J W Ao ] in s-polarized laser shots was due to the same mechanism as
] previous papers[3], then the positive polarization in
e p-polarized laser shots indicate a new mechanism for driving
12 13 14 15 16 17 the anisotropy of the EDF. The obliquely incident laser and

(b) wavelength [A] small preplasma condition might be responsible for the new

results.

FIG. 2. Typical spectra from the polarization spectrometers. He- Very recently, a few theoretical papers have been pub-
like and H-like resonant lines were observed. The ratio of thelished which discuss the anisotropy in high-density plasmas
Hea line and theL « line intensity intensities showed a large dif- [2]. They estimate the anisotropy of the EDF in the plasma in
ference between the perpendiculay and the parallel component Which the energy of the interaction laser is larger than the
(b). The polarization was estimated to b®.25. thermal electron energyk,/E>1. In such plasma, the

alignment of the electron motion is expected to be with the
from x-ray spectral intensity. In both ¥bwW/cm? and 18°  strong laser field. However, the ratio of the quiver velocity
W/cm? irradiance, a strong dependence on laser polarizatioand the ionizing electron’s velocit s/ Eey in our experi-
and a small dependence on laser intensity were observethent was less than 18 for | = 10'* W/cm?. The reason for
The axis of the observation of the beamlike anisotropy washe large anisotropy still remains undetermined. A new idea
parallel to the laser electric field direction. While a large such as anisotropy of collisionality due to anisotropy of the
positive polarization was observed in thepolarized laser, a EDF[8], or a detailed estimation including the accumulation
small amplitude, negative polarization was observeslio-  of anisotropy during the rise time of laser intensity, needs to
larization. be introduced.

It is known that the resonant absorption process and the Although the detailed mechanism of the anisotropy of
related wave dumping generate fast nonthermal electrons, BDF in our experiments was not determined, it was apparent
longer pulse experiments. However, in our experiments, théhat this anisotropy was directly driven by the applied laser
absolute intensity of the He-like and H-like lines was notfield. Therefore, this anisotropy may disappear after electron
dependent on the polarization of the lasers. Therefore, res@nergy has transferred to random thermal energy. Indeed, in
nant absorption was not the main absorption process for exnuch longer pulse duration experiments, there was negli-
citing the He-like F ions. The incident angle was detuned tagible difference between experiments with thepolarized
the optimum one for the resonant absorpfi@h In addition, and thes-polarized laser. Thus the x-ray polarization spec-
the density which was estimated by Stark broadening of théroscopy has been shown to be a key diagnostic tool for
Heg line was almost the same in both thgolarized and the energy transfer process of the electrons in high-density, non-
p-polarized laser case. These results also highlight the diffiequilibrium plasma produced by ultrashort-pulse lasers.
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CONCLUSION difficult to explain the EDF anisotropy with the normal reso-
. . . _ . nant process, because the absorption of laser light had a

Anisotropy was measured in a high-density plasma whiclym, )| dependence on the laser polarization and the electron
was produced with a KrF laser system, in which the prepulscaensity was almost the same in both tpolarized and the
was well controlled, and lowef targets. Even though many p_polarized laser case. Because it was apparent that this an-
electron-ion collisions could occur during the laser pulse, dsotropy was driven by the applied laser field directly, x-ray
large polarization of the resonant line emission was obpolarized spectroscopy has been shown to be a powerful tool
served. This positive polarization is evidence that there wagor measuring the relaxation from laser energy to thermal
beamlike EDF with g-polarized laser interaction. The laser energy in high-density, nonequilibrium plasmas produced by
polarization had a strong influence on this anisotropy. It wasiltrashort-pulse lasers.
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