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An atomic kinetics code is developed to gain insight into the generation of polarized He� by fast
electron transport relevant to fast ignition. The calculation predicts a very small polarization in the dense
region (�100 times the critical density) due to frequent elastic transitions between magnetic sublevels,
while high polarization is observable in the low density region (�10 times the critical density). It is
inferred that fast electrons are collimated due to electromagnetic instability, resulting in the generation of
anisotropic fast electrons along the propagation axis in the low density region.
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In fast ignition research, the energy transport of fast
electrons generated by ultrashort intense laser pulses is
one of the critical issues [1]. A quantitative understanding
of the energy deposition processes with a spectroscopic
method is one of the most useful diagnostics, and the
observation of K� lines from partially ionized atoms has
been investigated for this purpose. The K� lines were
diagnosed as a function of the thickness of an overlayered
target, and a dramatic decrease in the radiation yield was
found with an increase in the thickness at laser intensity of
about 1017 W=cm2. Plasma creation at electron tempera-
tures of 100–150 eV was predicted by an atomic kinetics
code [2,3].

In fast ignition plasmas, free electrons can be catego-
rized into two components: namely, cold bulk electrons
and fast electrons. The fast electrons are generated through
collective processes with intense laser pulses [4] and are
mainly responsible for the K-shell ionization, while the
cold bulk electrons are responsible for the outer-shell
ionization. This categorization is thus helpful to derive
the bulk electron temperature [3]. In the corresponding
experiment, because of the ultrashort time scale ranging
from several hundred femtoseconds to a few picoseconds,
direct observation of time-resolved K� spectra is very
difficult. Instead, a pump and probe method is usually
adopted as the diagnostic method [5]. According to nu-
merical calculations, the time-dependent properties of K�
radiation were examined qualitatively, and subpicosecond
K� generation strongly correlated with the duration of fast
electron propagation was obtained [6]. To understand well
the energy deposition processes from fast electrons to a
background plasma, direct observation of the fast electron
properties is indispensable. Line radiation was proposed to
diagnose the velocity distribution function (VDF) of fast
electrons [7]. The experiment should be carried out at the

rear side of an irradiated target, and the original features of
the VDF of fast electrons might be lost. To gain insight into
the energy deposition processes by the directly observed
VDF of fast electrons, polarized x-ray spectroscopy has
been proposed as a useful diagnostic tool [8]. Polarized
x rays are generated due to the anisotropy of the fast
electrons’ VDF and alignment creation associated with
magnetic atomic sublevels is essential. Thus, polarization
spectroscopy in the low density region is practically useful
due to the small effect of alignment breaking by elastic
electron impacts. In the study by Kemp et al. [9], the
effects of collisions on the energy deposition processes at
plasma densities over 100 times greater than the critical
density was examined by a one-dimensional particle-in-
cell (PIC) simulation. Since polarization vanishes in such
dense plasmas, conventional spectroscopy using thermal
x-ray radiation is typical. Several theoretical and/or experi-
mental studies related to the polarization spectroscopy
have been done [10–12]. In the study by Kieffer et al.
[10], a formula of the polarization P for optically allowed
atomic transitions was derived as a function of f2=f0,
where fn denotes the Legendre polynomial of order n. In
this analysis, atomic kinetics associated with elastic pro-
cesses and inelastic processes with higher atomic levels
were not considered.

In the present study, a time-dependent atomic kinetic
code was developed for the polarization spectroscopy of
He� transition (1s2 1S0-1s2p 1P1) of chlorine. The corre-
sponding experimental results obtained using the T6 laser
system (pulse energies 100–130 mJ, pulse width 130 fs,
intensity 1017 W=cm2) are also discussed [8].

Atomic cross sections with magnetic sublevels for heli-
umlike atoms were obtained using the Breit-Pauli R-matrix
method [13]. The details of the calculations are described
in the study by Kai et al. [14]. Radiative decay rates
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associated with LSJ states were obtained using the GRASP

code [15], and the optical allowed transitions between JM
states were estimated using the Wigner-Eckert theorem
[16]. For the polarized x-ray calculation, another time-
dependent atomic population kinetics code [6] must be
separately carried out in advance. The basic calculation
scheme to solve the population kinetics associated with the
magnetic sublevels is given in Hakel et al. [17].

In the estimation of the polarization, the geometrical
configuration shown in Fig. 1 is considered. E�, E� rep-
resent the electric fields of polarized x ray. In the schematic
drawing, � light I� (/E2

�) is the x-ray component parallel
to the direction of electron motion (defined as a quantiza-
tion axis), which arises from the atomic transition
1s2p 1P1 ! 1s2 1S0 � h� with �M � 0. � light I�
(/E2

��x, E2
��y) is the component perpendicular to the

electron motion for which �M � �1. � designates the
angle between the electron motion and the z axis. The di-
rection of sight is parallel to the y axis. In this configura-
tion, the polarization P can be defined as P � �Ik �
I?�=�Ik � I?�, where Ik ��E�cos��E��x sin��2, and
I? � �E� sin� cos’ � E��x cos� cos’ � E��y sin’�2.
Since the direction of the quantization axis is parallel to the
direction of the fast electron motion, I�, I� have almost the
same distribution as the fast electrons. Within the frame-
work of this approximation, provided that the bulk electron
temperature is sufficiently low not to play a dominant role
in the K-shell atomic transitions, the resultant observable
intensities of Ik and I? can be approximately calculated by
integrating with the VDF of the fast electrons. Thus, the
polarization vanishes for any isotropic VDFs of the fast
electrons.

To determine a time history of the background bulk
electrons, the stopping range described by Batani [18]

was adopted with the assumption that a plasma is an ideal
gas. The temporal evolution profile of fast electrons is
assumed to be Gaussian with a full width at half maximum
(FWHM) of 0.5 ps, which can be expected in the experi-
ment [2]. Since the VDF of the fast electrons in fast
ignition plasmas can be expected to be broad, it may be
characterized by Tfast z and Tfast r, where Tfast z denotes the
fast electron temperature along the z axis and Tfast r is that
perpendicular to the z axis. Then, a bulk electron tempera-
ture of 100–200 eV was obtained with the model. In the
calculation, the number of fast electrons is assumed to be
0.5%–10% of all free electrons, and the number density is
equivalent to the critical electron density for the corre-
sponding experiment.

Figure 2 shows the time histories of He� radiation from
chlorine in a C8H7Cl plasma. Since the average ionization
state of a C8H7Cl plasma can be Zav � 3–4 at a bulk
electron temperature of 100–200 eV, the electron density
corresponds to near 10nc to over 100nc, where nc is the
critical density for the laser wavelength of � � 800 nm
used in the experiment [8]. Because of frequent elastic
collisions by electron impacts, there is practically no po-
larization at the solid density (	9:0
 1022 cm�3). This is
in contrast with the experiment where the resultant polar-
izations of time- and space-integrated He� are 10%–30%
[8]. It may be expected that the polarized He� radiation
does not originate from the dense region, but rather from
the low density region such as a corona plasma. In the
above experiment, spectroscopic measurement with a peta-
watt laser system (pulse energy 130 J, pulse width 700 fs,
intensity 2
 1019 W=cm2) was also carried out, and He�

FIG. 1. Geometrical configuration relative to the propagation
axis of fast electrons and the direction of sight.

FIG. 2. Time-dependent profile of Ik and I? of He� radiation
of chlorine from a C8H7Cl plasma by minority fast electrons
with Tfast z � 50 keV [2] and Tfast r � 1 keV. (a) Total ion
density Ni is 4:5
 1021 cm�3, and the peak of fraction of fast
electrons h is 10% of all free electrons. (b) Same as (a) but Ni �
9:0
 1022 cm�3 and h � 0:5%.
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and Ly� were observed only in the surface region of an
irradiated target.

The dependence of the polarization on the fast electron
temperature Tfast z is shown in Fig. 3(a). In this figure, the
maximum polarization within the FWHM of the He�
radiation is presented. Inubushi et al. [19] calculated the
polarization of the He� radiation of chlorine by a simple
atomic model [10] and found it to be about 30% at Tfast r 	
1 keV. Their calculation was not able to clearly reveal the
dependence of the polarization on Tfast z. Because of the
lack of the atomic elastic and inelastic processes, the
dependence of the polarization on Ni was not also appar-
ent. Nevertheless, their results are expected to provide
good insight into the VDF features of fast electrons if the
polarized radiation is dominant in low density plasmas. In
Fig. 3(a), polarizations of above 10% can be expected at
Ni � 4:5
 1021 cm�3 (	0:05�s), Tfast z � 10–50 keV
and Tfast r � 1 keV. The ratios f2=f0 of the fast electrons
with near the threshold of 1s2 1S0 ! 1s2p 1P1 (about
2.79 keV) are 1.8–2.0, and those with the energies of
10–100 keV are 4.1–4.9. The anisotropy is very high and
the fast electrons with the energies of below 50 keV have a
contribution to positive polarization [14]. With an increase
in Tfast z, the polarization is reduced due to the increase in
the number of the fast electrons with the energies of above
50 keV at about 0:05�s. However, at the high density of
greater than about 0:1�s, the miscellaneous atomic pro-
cesses associated with 1s2p 1P1 may also affect the depen-
dence. For example, the excitation cross section by
electron impacts of 1s2p 1P1�M � �1� ! 1s3s 1S0�M �

0� is larger than that of 1s2p 1P1�M � 0� !
1s3s 1S0�M � 0� with the energy of above 10 keV. Thus,
the depopulation rate from the 1s2p 1P1�M � �1� be-
comes larger than that from the 1s2p 1P1�M � 0� with
Tfast z > 10 keV, which results in the alignment creation.
Here, it should be noted that negative polarization is ob-
tained if fast electron energy is monochromatic of more
than about 50 keV [14].

The discrepancy between the experimental results
(10%–30% [8]) and the theoretical predictions (10%–
15%) could be explained by trapping of fast electrons in
the local magnetic field generated by filamentation insta-
bility. A relativistic fast electron beam generated by intense
laser pulses around a critical density can break into several
self-pinched filaments. Those filaments magnetically at-
tract each other since complete neutrality with the return
current is not possible during the growth of the filamenta-
tion instability, resulting in the filaments coalescing. This
phenomenon was observed in a 2D PIC simulation carried
out at a plasma electron density of 10nc by Honda et al.
[20]. The electron number density in their study is almost
equal to the case of Ni � 4:5
 1021 cm�3 in our study.
The temperature and density of fast electrons in our study
are 10–50 keV, �1021 cm�3, respectively, and the corre-
sponding beam current density is 1–2
 1012 A=cm2,
which is greater than the Alfvén current IA with the as-
sumption that a diameter of the electron beam is of the
order of 1 �m. The total beam current is about 7.3–
15.5 kA, and IA 	 3:3–7:7 kA, so that the same filamen-
tary phenomenon can be expected. In Fig. 3(b), the calcu-
lations done with Tfast r � 5 keV are presented to demon-
strate the effect of the narrow transverse thermal spread of
the fast electron beam. The fast electrons with a large
transverse velocity component could be easily captured
by self-induced magnetic field, which can be 29–62 MG
in the vicinity of the beam with a Larmor radius of the
order of 0:1 �m, resulting in the generation of a well-
collimated fast electron beam. The calculation results
show that the polarization may reach up to �20% at
Tfast r � 100 eV, and it is comparable to the experimental
results. Since the fast electrons with a large transverse
velocity component are captured by the magnetic field,
the anisotropy of the VDF of the fast electrons is enhanced
and so is the polarization at a plasma density of�4nc [21].
Because of the increase in the number of elastic collisions
in the dense region of greater than 10nc, the alignment can
be broken, reducing the polarization. In this study, since
the photon energy of the He� of chlorine is about 2.79 keV,
the bulk electron temperature Tbulk must be at most 200–
300 eV. For such hot plasmas as generated in fast ignition
experiments, copper (Z � 29) may be a good candidate
since the photon energy of the He� is about 8.4 keV and it
may work well as a tracer at Tbulk � 1 keV.

In conclusion, a population kinetics code associated
with magnetic atomic sublevels was developed for polar-

FIG. 3. Dependence of polarization on fast electron tempera-
ture. (a) Dependence on Tfast z at Tfast r � 1 keV. �s is the solid
density. For a C8H7Cl plasma, the number density is about 9:0

1022 cm�3. (b) Same as (a) but it shows the dependence on Tfast r
for Tfast z � 10, 30, 50 keV and Ni � 4:5
 1021 cm�3, which
corresponds to about 0:05�s.

PRL 99, 115003 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
14 SEPTEMBER 2007

115003-3



ization spectroscopy relevant to fast ignition. The calcu-
lation results suggest that a VDF of fast electrons with
large anisotropy along the propagation axis can be gener-
ated by the growth of filamentation instability, and that
high polarization can be obtained. This study provides a
qualitative understanding of polarized x ray from highly
charged atoms associated with fast electron transport in
fast ignition plasmas, and it also demonstrates the potential
of polarized x-ray spectroscopy to gain insight into fast
electron transport in fast ignition plasmas.
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