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X-ray polarization spectroscopy is proposed as an advanced diagnostic tool to measure the anisotropic ve-
locity distribution of hot electrons generated by an ultra-high intensity laser pulse. The relationship between the
anisotropy of the hot electron velocity distribution and the polarization degree was investigated for various tracer
materials. It is shown that the polarization degrees of Hea lines are a function of electron energy normalized
by the excitation threshold. Depolarization is caused by isotropic bulk electrons in high temperature plasma. To
diagnose the anisotropy of the hot electron velocity distribution without depolarization, it is essential to select a
tracer material whose energy of Hea line is 10 times higher than the bulk electron temperature.
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1. Introduction

Recent advances in ultra-short pulse, high-intensity
lasers have opened the possibility of novel experiments
in fields such as fast ignition [1, 2], particle acceleration
[3-6], and short x-ray pulse generation [7]. Efficient en-
ergy transport from ultra-high intensity laser pulses to
dense plasma is a critical issue in all of these research ar-
eas. Plasmas generated by ultra-high intensity laser pulses
include two major electron components. The hot electrons,
which transfer the absorbed energy to the plasma’s high-
density region, are generated predominantly by collective
processes in the laser-plasma interaction region [8]. Con-
sequently, an initial velocity distribution of hot electrons
is highly anisotropic. The other one is cold bulk electrons.
These form a return current as a counter-stream of hot elec-
trons, and are mostly affected by the Ohmic process [9].
Thus, a velocity distribution of cold electrons is substan-
tially isotropic. To clarify the energy transport by hot elec-
trons in ultra-high intensity laser-produced plasmas, inves-
tigation of the anisotropy of the velocity distribution func-
tion (VDF) of hot electrons is very important. An electron
spectrometer is widely used to measure the electron spec-
trum of ultra-high intensity laser produced plasma[10].
However, the electron spectrum measured using an elec-
tron spectrometer is affected by the sheath potential of the
target and does not correspond with the VDF of electrons
inside plasma.

X-ray polarization spectroscopy is a useful diagnostic
tool for measuring the anisotropy of the VDF of electrons
inside plasma. In general, polarized radiation is emitted
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due to the anisotropy of the electron velocity distribution or
the surrounding electromagnetic field [11-13]. By utiliz-
ing this principle, the anisotropy of a hot electron VDF can
be determined by observing the polarization degree P of a
specific x ray [14, 15]. In the case of a planar target irradi-
ated by a high intensity laser beam of 10'6-10'7 W/cm?, hot
electrons are generated predominantly by resonance ab-
sorption and/or parametric processes so that hot electrons
initially propagate parallel to the direction of the density
gradient, that is, perpendicular to the target surface. This
direction is referred to hereafter as the quantization axis.
The polarization degree P is defined by
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where I;; and I, are, respectively, the intensities of the x-
ray radiation whose electric field is parallel and perpendic-
ular to the quantization axis for an observer. This definition
accords with that employed in polarization spectroscopy
using an electron beam ion trap (EBIT) [16].

Some experiments of x-ray polarization spectroscopy
have been performed [14, 15, 17-19]. Although Hea line
emissions from various He-like ions, such as Al[14, 15],
F[17] and CI[18,19], have been measured, there are no re-
ports on the relationship between the material emitting po-
larized x rays and plasma conditions. To use polarization
spectroscopy as a diagnostic tool for the anisotropy of hot
electron VDF, it is important to investigate this relation-
ship. In this paper, we propose the selection of a suitable
tracer material for the plasma condition of x-ray polariza-
tion spectroscopy.

© 2007 The Japan Society of Plasma
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2. Polarization Caused by Electron-
Ion Impact

In this study, observation of Hea line (1s?'S,-
1s2p 'Py) is proposed. Emissions of the polarized x rays
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Fig. 1 Polarization degree as a function of electron energy nor-

malized by the threshold energies of 1s?!S,-1s2p Py
transition of (a) carbon, (b) chlorine, and (c) copper. The
threshold energies are (a) 0.308 keV, (b) 2.79keV, and
(c) 8.39keV, respectively.
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are caused by electron-ion impacts. The m-component of
the radiation, whose electric field is parallel to the elec-
tron beam, is emitted by transitions with no change in the
magnetic quantum number, namely AM = 0, while the
o-component of the radiation, whose electric fields is per-
pendicular to the electron beam, is emitted by transitions
with AM = +1. The polarization degree of the Hea line
can be calculated using the following equation [20]:

oo(E) — o (E)
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Py(E) =
where o; are the integral cross-sections of the 1s?!Sy-
1s2p 'P; transition, and the subscript i denotes the mag-
netic quantum number of the 1s2p !P; level, and E is the
energy of the impact electrons.

The polarizations of the Hea line of carbon, chlo-
rine, and copper are discussed in the following. The po-
larization degree can be adequately calculated by means of
a semi-relativistic calculation with close-coupling expan-
sion for the ions under consideration [21]; however, a fully
relativistic calculation is preferable for the case of highly
charged ions[22]. Therefore, the integral cross-sections
with sublevels were calculated using the semi-relativistic
Breit-Pauli R-matrix method [23] for the 17 lowest excited
levels.

Figures 1 (a)-(c) show the calculated polarization de-
grees as a function of the energy of the electrons colliding
with He-like (a) carbon, (b) chlorine, and (c) copper ions.
The electron energy is normalized by the transition energy
of 1s? 180-1521) P, (the threshold energy): (a) 0.308keV,
(b) 2.79keV, and (c) 8.39keV, respectively. All polariza-
tion degrees decrease monotonically with an increase of
the incident electron energy, except in the region close to
the threshold energies due to resonance phenomena [24].
These results indicate that the polarization degrees nor-
malized by the threshold energies of various ions are al-
most the same. The reason for this is that the Hea line is
not affected by intermediate coupling, because the integral
cross-sections of the 1s2 180-152p P, transition is much
larger than that of the 1s2 180-152p 3P, transition [25].

3. Polarization Model and Calcula-
tions

In a plasma, the radiation of polarized x rays is emit-
ted due to the creation of an alignment by electron-ion im-
pacts. This alignment is influenced by various atomic pro-
cesses such as elastic collision, recombination, and cas-
cade processes. This model treats only the transition be-
tween two energy levels (1s> !So-1s2p 'Py). Therefore, this
model is valid for low density plasmas such as plasmas ex-
panding from solid target surfaces. In the case of dense
plasmas, such as laser-driven implosion cores, it is neces-
sary to use a detailed atomic kinetic code associated with
the above processes.

The polarization degree of an x-ray line from laser-
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produced plasma can be calculated using the following
equation:
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where 6 is the angle between a quantization axis and a di-
rection of sight and Ey, is a threshold energy of the 1s> 'S,-
1s2p 'P; transition. I(6, E) and Q(6, E) are Stokes parame-
ters weighted by the electron energy distribution function,
and are given by
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where Iy(E) is the intensity of the x ray and Py(E) is the
polarization degree shown in Fig. 1. fy(E) and f>(E) are,
respectively, the isotropic components and the anisotropic
components of the Legendre polynomials of electron dis-
tribution function f(a, E), and are given as

fo(E) = % f: f(a, E) sin ada, (6)

H(E) = % fo ﬂf(a, E)% (3cos?a - 1)sinada, (7)

where « is the angle between the quantization axis and the
direction of electron motion.

We assume that the hot electron VDF is axially sym-
metric with respect to the quantization axis and can be rep-
resented by a 2-dimensional (2-D) distribution function for
hot electrons (illustrated schematically in Fig. 2):

Ecos? a
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Jo(E, @) < exp|— (8)
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Fig. 2 Axes used to describe a 2-D electron energy distribution.
The z-axis corresponds to the target normal direction.
The r-direction is perpendicular to the z-axis.
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Here, T, and T, are the slope temperatures of hot elec-
trons traveling parallel and perpendicular to the quantiza-
tion axis z, respectively. An isotropic bulk electron dis-
tribution can be described as a Maxwellian distribution,

namely

f(E,a) =N \/Eexp (—— )

E
.|

b

where Ty, is the bulk electron temperature. The distribution
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Fig. 3 Polarization degrees given as a function of 7./ Ey, for var-
ious T, and (a) C-Hea, (b) Cl-Heq, and (c) Cu-Hea lines.
The contribution of the bulk electron component is ne-
glected.
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of all electrons can be represented by

f(E, @) = fil(E, @) + k- fio(E, @).

Here, k is the coefficient determining the ratio of the num-
ber of hot electrons to the total number of free electrons.
Initially, the calculation was done by neglecting the
contribution of the bulk electron component (i.e., with
k = 0 in Eq.(10)). Figures 3 (a)-(c) show polarization
degrees as a function of 7,/Ey for various T, of (a) C-
Hea, (b) Cl-Hea, and (c) Cu-Hea lines. It can be seen that
the polarization degrees for these ions are almost the same.
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Fig. 4 Polarization degrees of (a) C-Hea, (b) Cl-Hee, and
(c) Cu-Heq lines including the contribution of bulk elec-
tron components with an assumption of 7, = SEy. T} is
normalized by the threshold energy.
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A depolarization can be seen with an increase in 7, due
to the reduction of the fractional number of free electrons
with near threshold energy which induces a high polariza-
tion degree. When the polarization degree is positive, T,
is higher than T, indicating that a VDF has a cigar-like
shape, that is, an elongated shape along the direction par-
allel to a target normal. In contrast, when the polarization
degree is negative, T, is lower than T,, indicating that a
VDF has a pancake-like shape, that is, elongated in a direc-
tion parallel to the target surface. It is possible to derive 7,
by comparing these curves with experimentally measured
polarization degrees and 7,.

Figures 4 (a)-(c) show an influence of the bulk elec-
tron components on polarization degree. In this case, the
fractional number of hot electrons is 1%, and T, = 5Ey,.
When Ty, is lower than 0.1 Ey,, the polarization degrees are
almost equal to the results shown in Fig.3. In contrast,
when Ty, is higher than 0.1Ey,, depolarization can clearly
be seen. This is because the high-energy tail component
of the bulk electrons overlaps with the hot electron compo-
nent, and isotropic excitation leading to Hea line emission
is enhanced. These results indicate that it is essential to
select a tracer material whose Hea line energy is 10 times
higher than the bulk electron temperature for hot electron
VDF diagnostics.

4. Conclusion

In this paper, polarization spectroscopy is proposed as
a promising diagnostic tool for the anisotropy of hot elec-
tron VDF in ultra-high intensity laser-produced plasmas.
The polarization degrees can be described by a function of
threshold energy. It is also shown that depolarization of the
Hea line is induced by excitation with the high energy tail
of bulk electrons. To avoid depolarization, suitable tracers
must be carefully selected. With such selection, x-ray po-
larization spectroscopy can provide an effective tool for the
diagnosis of ultra-high intensity laser-produced plasma.
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