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abstract
A large anisotropy of the electron distribution function (EDF) was observed in high density

plasma. The plasma was created by a 2ps TW KrF laser system in which a prepulse energy
was well controlled with a saturable absorber. The observed electron density at the emission
area with He-like F ions was 0.7-1.5xl022cm"3. It is clarified with our experiments that, even
with these high collisionality, the anisotropy of EDF was driven by the laser field. That means
the anisotropy will become a parameter instead of temperature in the high density plasma which
was far from the equilibrium states. However, the quantitative estimation of the anisotropy of
EDF is not simple in the laser produced plasma because the upper states of the observed
resonant line emission was created both with the excitation from the ground state and the
deexcitaion or the recombination from higher n states or higher-ionized ions. To overcome this
difficulty, we selected the experimental condition carefully to separate these emission area in
space and time. With this technique, the anisotropy of EDF was estimated with help of a
cascade model for the recombining plasma and the usual polarization theory for ionizing
plasmas.

1. Introduction
For understanding interaction physics of ultra-short-pulse lasers and plasmas, it is important

to investigate the energy transport process from the laser field to the electrons and ions.
Especially, it has to be considered that the created plasma will be far from the equilibrium
condition for its ultra-short-pulse duration. In other words, there is no way to define the
'temperature'. To treat these phenomena with accuracy, the electron distribution function
(EDF) has to be measured directly and analyzed. In the lower density plasma which was
created from the gas medium, it can be measured by the laser Thomson scattering methodfl].
However, there is no laser beam for probing the high density plasma due to its large
absorbance and refractivity. A new diagnostic method would be useful since most interesting
features will be obtained in high density plasmas which starts from the solid state condition or
in the compressed core plasma of ICF experiments.

In these plasmas, initially, the incident laser field oscillates the inside electrons, which
subsequently drive processes such as collective plasma waves or thermal conductive flux. The
EDF has a large anisotropy which is determined by the applied laser field in the initial phase.
After enough collisions have occurred, this anisotropy decreases and may disappear, and the
plasma will be thermalized finally. That is to say the applied laser field gives not only energy to
the electrons but also anisotropy to them. The anisotropy of the EDF itself can be considered as
one of the parameters to denote these plasma behaviors.

In this paper, the anisotropy of a high density plasma was investigated for understanding
the energy transport process in the ultra-short-pulse laser produced plasma. Since the collision
process randomly redistribute the coherent or alignment motion of the electrons, this density is
scaled by the collisionality of the objective electrons. A ninety-degree deflection time by the
electron-ion collisions is given by,

90 S an Ze4 In A
e

In this formula, e is the electron charge, inA is the Coulomb logarithm, ne is the electron
density, ve is the electron velocity, me is the electron mass and Z is the ion charge. The
dominant velocity of the electrons for the excitation of the ions depends on Z, because the rate
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of excitation and polarization of the emission are maximum at just above the threshold energy
which was dependent on 7?-. If the dependence of the electron density on the laser wavelength
can be scaled by the critical density, the collisionality of the created plasma is proportional to
Tgo-'~neve"3z~A.~2z~2. To simulate a collisional "high density" plasma, the shorter
wavelength of the laser and the lower Z number of the tracer ions are required. In this study, a
deep-ultra-violet KrF(/\.=0.248|U.m) laser was used and F ions (Z=9) were chosen as the tracer.
The contour plot of the collisionality is shown in Fig. 1 with the parameters of the electron
energy and the electron density. The created electron density will be a few times 1022cm~3 and
is as high as only one-tenth of the so-called solid-state density. In addition, the anisotropy of
EDF in this experimental condition simulates that of 2.6keV electrons in solid density plasma.
The intensity where the quiver energy Eos is equal to the excitation energy Eex is estimated to

be 1=2x1 Ol^W/cm^. All the experiments in this study were performed below this intensity.

2. Experiments
The experiments were carried out with our 2TW KrF laser system [2] at the Institute for

Laser Science of the University of Electro-communications. While the maximum output power
of this laser is 2TW/beam with 5OOfs pulses, the longer 2ps duration pulse was used to achieve
the larger ratio of the collision time and the laser pulse duration. This also reduced the
undesirable dispersion and nonlinear absorption in the windows of the KrF laser amplifiers
and the target chamber. The amplified beams were focused on the target with an F/3 aspherical
lens and the intensity on the targets was changed from lO^W/cm^ to lO^w/cm^ with
changing its position near the best focusing point. In the KrF laser system, amplified
spontaneous emission from the early-stage amplifiers is amain source of the pre-pulse energy,
and its reduction is a key for achieving a high contrast laser pulse. The saturable absorber
filters of Acridine in methanol[3] were introduced between the every amplifier. After careful
control of the concentration of the dye and the gain of the preamplifiers, the power contrast
ratio of the prepulse to the main pulse was 10"^ on the target. There was no plasma emission
and no observable damage on the target without the main pulse.

The anisotropy of the EDF can be estimated from the polarization of an resonant line of He
Like ions. The polarization was measured by a pair of flat KAP crystal spectrometers, which
were located at almost the same distance, in the same line of sight and consisted of the same
Bragg crystals and UV-cut filters [4]. Because the Bragg reflectivity of curved crystals
strongly depend on the condition of its local curvature and surface condition, we selected the
flat crystals in spite of their low efficient detectability. To compensate the small difference
between the two spectrometers, which was mainly caused by the non-unity aspect ratio of the
target plasma (expansion length vs. plasma width), the intensity of the H-like La line was used
for calibration. This line was considered to be unpolarized[5]. One cleaved surface of the
Bragg crystal was aligned to reflect the x ray having the e-vector to be parallel to the target
normal (I II ) and the other aligned to the perpendicular one (I-L). The polarization of the
emission was estimated by the ratio of the spectral intensity between each spectrometer signal.
In several shots of these studies, a knife edge was introduced between the target plasma and
the spectrometer for obtaining the spatial profile of the emission. The spatial resolution of this
measurements is 20jim.

The nominal incidence angle of the laser beam on the target was 40 degrees for all
experiments in this paper. According to our previous experiments[6], the optimum angle of the
resonant absorption was 55 degrees at I=l()14w/cm2 and it was not dominate with in the 40
degree incident angle condition.

3. Experimental results and discussion
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Typical spectra from the polarized spectrometers are shown in Fig. 2. A series of lines of
He and H like F ions were observed. The polarization degree of the Hea line was determined
by

P

The polarization of Hea in the Fig.2 spectrum was estimated to be +0.25. If the Po=O.6
(the polarization for the monoenergetic electron beam) was assumed[6] and the upper level of
this line emission was considered to be created only with electron colisional excitation from the
ground state, this polarization denotes evidence for a large anisotropy of the EDF (f2/f()=2.0,
f0: isotropic part of EDF, f,: second-order anisotropy.) in this plasma. The electron density of
the emitting plasma was estimated by Stark broadening of the He(3 line whilst considering the
plasma size and the instrumental broadening effects. The observed electron density is
0.7~1.5xl022Cm~3. The ratio of the pulse duration and the collision time is greater than one
hundred in this case. Even in such 'high density' plasma, a large beam-like anisotropy of the
EDF has been observed. In comparing the longer wavelength experiments[7], the sign of
polarization is opposite and the absolute value of polarization is large though the electron
density is greater than the turning point of the laser field (ne> nc cos^O).

To investigate the driving force for the anisotropy, the dependence of the polarization on the
intensity of the incident laser was measured (Fig. 3). In this figure, the error bar of each data
denotes the estimation error of the polarization from the x-ray spectral intensity. At both
K)14w/cm2 and lO^W/cm^ irradiances, a strong dependence on laser polarization was
observed and little dependence on the laser intensity. The axis of the observation of the beam-
like anisotropy was parallel to the laser electric field direction. While a large positive
polarization was observed in p-polarized laser, the negative but weak polarization was
observed in s-polarized laser.

It is known that the resonant absorption process and the related wave dumping generate fast
non-thermal electrons, in longer pulse experiments. However, in our experiments, the absolute
intensities of the He- and H-like lines were not dependent on the polarization of the lasers.
Therefore, the resonant absorption was not the main absorption process for exciting the He-
like F ions. The incident angle was detuned from the maximum absorption one in this
irradiation condition[6]. In addition, the density which was estimated by Stark broadening of

the He(3 line was almost the same in both the s- and the p- polarized laser case. These results
also highlight the difficulty in explaining the laser-polarization dependence of the anisotropy of
the EDF by normal resonant absorption theory.

In the previous paper[7], the anisotropy of the EDF was explained by the short scale length
properties. Because the scale length of the created plasma may depend on the intensity more
strongly than the laser polarization, their model can not explain our experimental results. In
addition, they observed a pancake-like EDF(P<0), while a beam-like EDF(P>0) was observed
in our p-polarized laser shots. To consider that the small but negative polarization has been
observed in the s-polarized laser shots may be due to the same mechanism as previous
papers[7], the positive polarization in the p-polarized laser shots denoted here is due to the new
mechanism of driving the anisotropy of the EDF. The obliquely incident laser and small pre
plasma condition might change the results drastically.

Although the detailed mechanism of the anisotropy of EDF in our experiments has not been
determined, the dominant process producing their anisotropy is directly driven by the applied
laser field. However, in the laser produced plasma, the plasma parameters were drastically
changed with time and space. We assumed only the excitation process from the ground state
for above estimation of anisotropy of EDF. Actually, this upper level is also populated with the
deexcitation from higher state levels and the recombination from the continuum level. This
multiple way cause some uncertainties for quantitative estimation of anisotropy of EDF. To
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overcome this difficulty, we tried to find out the experimental condition, where the ionizing
and the recombining phase were separated in space each other. The measured results of spatial
profile of intensity of Hea, La and recombination continuum were shown in Fig. 4 for two

typical experimental conditions. In Fig. 4-(a) the laser focus spot was 200|im diameter and

irradiance was I=lxlO^w/cm2. In (b), 20|im diameter and I=lxlO^W/cm^ were selected.

In Fig. 4-(b), there are two separated emission peaks of Hea line. It is reasonable to consider

that the excitation from the ground states was dominant to create the upper level of Hea line I
the first peaks, while the recombination and deexcitaion was dominant in the second peak. This
distinguished situation can be obtained because the laser pulse duration was smaller than
expansion time and/or the ionization and the recombination time. In Fig. 4-(b), we also found
that the recombination continuum of He-like ions was also emitted strongly at the second peak.
That means the information of the anisotropy of EDF was included in the polarization of the
recombination continuum. Of cause, the Bragg angle for continuum emission is not
optimum(31 degree). The ratio of the reflectivity of the two linear polarized light was estimated
to be 2.2. Even with such small extinction efficiency, the polarization of recombination
continuum was observed (Fig. 5). We've found that polarization for (b) condition is about
0.2 (This value was calculated including the effect of the small difference reflection.). This
meant the value of f2/fO f° r the recombining electrons were 0.7. To calculate of the polarization

of Hea line at recombining plasma, we've used the cascade model[8]. This model included the
contribution coming from direct recombination and cascades from higher-energy states.
Because the electron collisional excitation affected the alignment of the higher energy levels
even in the recombining plasma, this estimation would give the upper limit of the Hea line
polarization. After some modification of the data from the reference, we concluded the
polarization of Hea in the recombining phase was 0.1. Finally, we could separate the two
phase in the ultra-short pulse laser produced plasma. The estimated value of f2/fo for ionizing
phase was 1.7-1.9.

4. Conclusion
Anisotropy was measured in a high density plasma of lower-Z targets which was produced

with a KrF laser system in which the pre pulse was well-controlled. Even though there was a
large opportunity for electron-ion collisions during the laser pulse, a large polarization of the
resonant line emission has been observed. This positive polarization denoted here is the beam-
like EDF with a p-polarized laser interaction. The laser polarization has strong influence on this
anisotropy. It is difficult to explain the EDF anisotropy with the normal resonant process,
because the absorption of laser light had small dependence on the laser polarization and the
incident angle was detuned from the maximum absorption for it. Because it was apparent that
this anisotropy was driven by the applied laser field directly, x-ray polarization spectroscopy
has become a strong tool for measuring the relaxation from laser energy to thermal energy in
high density, non-equilibrium plasmas produced by ultra-short-pulse lasers.

In the laser produced plasma, the upper level of the observed line emission was populated
with both of the excitation and deexcitation process. Those complexity resulted in the
uncertainties in the estimation of anisotropy of EDF. To overcome this difficulty, we separated
the emitting regions in space and time. In first region, the ionization process dominated, while
in the second region the recombining one dominated. With the help of the cascade model, the
anisotropy of EDF (f2/fo) m both region were decided. During the expansion, it decreased
from 1.7-1.9 in the ionizing phase to 0.1 in the recombination phase.
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Fig. 1 The contour plot of the collisionality was shown as a parameter of the electron energy and the
electron density. The created electron density was as high as only one-tenth of the so-called solid-state
density. The anisotropy of EDF in this experimental condition simulates that of 2.6keV electrons in
solid density plasma.
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Fig.2 Typical spectra from the polarization spectrometers. He- and H like resonant lines were

observed. The ratio of the Hea line and the La line intensity intensities showed a large difference
between the perpendicular (a) and the parallel component (b). From this spectrum, the polarization
was estimated to be +0.25.
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Fig.3 The dependence of the irradiation intensity and the laser polarization on the emitted
x-ray polarization. A large difference was observed with the p-polarized laser condition
and the s-polarized one. This is the most reliable evidence for the polarization of the x ray
of the resonant line, because the setup and the other conditions were the same except for
the laser polarization.
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Fig.4 The measured results of spatial profiles of intensity of Hea, La and recombination continuum. The

data of (a) is for 200u,m diameter focus spot and irradiance of I=lxl0^W/cm^ and that of (b) is for

20\im diameter and I=lxlO16W/cm2.
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Fig.5 The measured results of the polarization of the recombination continuum
as a function of laser intensity.
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