- ISSN 0915-6348

_ NATIONAL INSTITUTE FOR FUSION SCIENCE

—

Proceedings of
The Japan-US Workshop on Plasma Polarization Spectroscopy
and .
The Fourth International Symposium on
Plasma Polarization Spectroscopy

(Eds.) T. Fujimoto, P. Beiersdorfer

(Received - June 15, 2004 )
NIFS-PROC-57 July 2004

This report was prepared as a preprint of work performed as a collaboration
reserch of the National Institute for Fusion Science (NIFS) of Japan. This document is
intended for infomation only and for future publication in a journal after some rearrange-
ments of its contents. '

Inquiries about copyright and reproduction should be addressed to the Research
Information Center, National Institute for Fusion Science, Oroshi-cho, Toki-shi,
Gifu-ken 509-5292 Japan. ‘ '

RESEARCH REPORT
NIFS-PROC Series

TOKI, JAPAN



Proceedings of
The Japan-US Workshop on Plasma Polarization Spectroscopy
and |
The Fourth International Symposium on

Plasma Polarization Spectroscopy

(Supported partly by The 21st Century COE Program for Research

and Education on Complex Functional Mechanical Systems)

February 4 — 6, 2004, Kyoto

Edited by
Takashi Fujimoto

Peter Beiersdorfer



Abstract

The international meeting on Plasma Polarization Spectroscopy (PPS) was held at
Kyoto University during February 4-6, 2004. This Proceedings book includes the
summaries of the talks given in that meeting. Starting with the Overview talk by Csanak, the
subjects cover: x-ray polarization experiments on z-pinches (plasma foci), and an x-pinch, a
laser-produced plasma in a gas atmosphere, an interpretation of the polarized 1<—0 x-ray laser
line, polarization observation from various laser-produced plasmas including a recombining
phase plasma, a report on the on-going project of a laser facility, several polarization
observations on magnetically confined plasmas including the Large Helical Device and an
ECR plasma, a new laser-induced fluorescence diagnostic method. On atomic physics side
given are: various polarization measurements on EBIT, precision spectroscopy on the

TEXTOR, user-friendly atomic codes. Instrumentation is also a subject of this book.



Preface

The Japan-US Workshop on Plasma Polarization Spectroscopy and the Fourth International
Symposium on Plasma Polarization Spectroscopy was held during February 4 — 6, 2004, at
Kyoto University. This was the fourth meeting of the series: The first US-Japan Workshop,
was held February 1-3, 1994, at the Los Alamos National Laboratory organized by D.
Cartwright, The second was in January 26 — 28, 1998, in Kyoto organized by T. Fujimoto, and
the third was in June 18 — 21, 2001, at the Lawrence Livermore National Laboratory organized
by P. Beiersdorfer. - These Workshops were held jointly with international meetings, and the
present meeting was also The Fourth International Symposium on Plasma Polarization
Spectroscopy. The meeting was attended by 5 participants from the US, 4 from Russia, 1
from Korea, 1 from France, 1 from Poland and more than 15 from Japan.

Plasma spectroscopy is one of the disciplines of plasma physics, and it has played an
important contributing role to the development of plasma physics tHrough plasma diagnostics
by providing important information on electron density and temperature, and on transport of
plasma particles in a plasma. Plasma spectroscopy is characterized by its strong relationship
to, or basis of, atomic physics. This is because the object which emits spectral lines are atoms
or 10ns, and their behavior in a plasma is controlled by a collection of processes that are the
realm of atomic physics. Plasma Polarization Spectroscopy (PPS) is a new branch of plasma
spectroscopy, which provides information on electric and magnetic fields and electron
distribution functions. The strong relationship with atomic physics is even more true for PPS.
In developing PPS, it is essential to have close cooperation between plasma spectroscopists and
atomic physicists. This series of meetings has been the forum of exchanging information
from both sides, and served to benchmark past developments and the present status of PPS at
the time of a meeting. ‘

The above tradition was followed in this meeting, and all the participants were impressed
by the past developments and the perspective of a bright future. These Proceedings
summarize the papers presented at this meeting. The editors hope that the reader can sense

the excitement felt by the participants and will gain insight into the prospects of the field.
May 2004

Takashi Fujimoto

Peter Beiersdorfer
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Plasma Polarization Spectroscopy: Past,
Present, and Future - A Subjective View

G. Csanak
Los Alamos National Laboratory, Los Alamos, NM, 87545, USA

Abstract

I describe how I got into the field of plasma polarization spectroscopy
(PPS), how the PPS Workshops started, and how the whole field got con-
solidated and strengthened. Subsequently I describe what kind of present
theoretical and experimental activities I am aware of. Finally I explain why
I think that the future of PPS is bright.

1. Introduction

First and foremost, I would like to recall the memory of Professor Douglas H.
Sampson.

Professor Sampson, who passed away on December 8, 2002, has made an im-
mense contribution to atomic physics, atomic collision physics, and astrophysics in
general and plasma polarization spectroscopy (PPS) in particular. The codes de-
veloped under his supervision in fact form the backbone of electron-ion collisional-
and PPS calculations [1 — 17}. These codes were used for PPS applications at The
Pennsylvania State University [18 - 21], at Lawrence Livermore National Labo-
ratory {22 - 63|, at the Naval Research Laboratory [64], at Los Alamos National
Laboratory and Kyoto University {65, 66] and at other places [67, 68]. These codes
are now also being incorporated into the Los Alamos suite of atomic data codes.
In the person of Professor Sampson the PPS community has lost a magnificent
theoretician but his immense legacy will be with us for a long time to come.

Here I would like to give an “Overview”: the past, present, and future of PPS

the way I see it now and the way [ experienced it in the past.
' I heard about PPS before (from Professor Fujimoto), but I really got involved
with PPS during the Sept 1991 - Aug 1992 period when I spent my sabbatical in
Japan. During that time in Japan there was already a group of plasma physicists,
atomic physicists, and atomic collision physicists who had regular meetings and
were discussing issues related to PPS. 1 attended two of those meetings in Nagoya.
One of the outcomes of those meetings was the report entitled “Atomic Processes



Relevant to Polarization Plasma Spectroscopy” [69]. As of today this report re-
mains a fundamental compendium on PPS and a great help for a scientist working
in this field. ' - ‘ . '

Simultaneously, I started to work with Professor Fujimoto on PPS which meant
in part reading the manuscript of what later became the report by Fujimoto et al.
[70]. This report formulates the population alignment collisional radiative (PACR)
model based on the impact and the impact parameter approximations and formed
the basis of much future work. I also started work with Professor Fujimoto on
a complete quantum-mechanical formulation of the relaxation rate equations for
cylindrically symmetric baths, based on the work of Fano [71] and Ben-Reuven
[72]. This work still remains unfinished [73]. After having returned from Japan to
Los Alamos I started to read the fundamental review articles of Professor Kazant-
sev and collaborators on PPS [74, 75] and many of the references quoted there.
I learned about the massive amount of experimental work that had already been
done in Professor Kazantsev's laboratory (mainly on discharge plasmas) and the
significant work in France and Russia on the PPS of the sun {especially solar flares).
Shortly afterwards the first U.S. - Japan Workshop was held at Los Alamos or-
ganized by D.C. Cartwright and T. Fujimoto. This workshop was attended by
four scientists from Japan, including Professors Fujimoto and Y. Kato, by Pro-
fessors Kazantsev, Cornille, Dubau, and Kieffer, and numerous scientists from the
U.S. This workshop, which was extended to be the International Workshop on
PPS, was held subsequently in Kyoto in 1998 (organized by Fujimoto and Beiers-
dorfer), in Livermore in 2001 (organized by Beiersdorfer and Fujimoto) and now
in Kyoto again (organized by Fujimoto and Iwamae). The PPS workshops, all of
which I had the opportunity to attend, brought together the principal participants,
both theoreticians and experimentalists, working on PPS, from all over the World.
Throughout these years there occurred a consolidation and strengthening of this
field. This was documented by two books published on PPS by Kazantsev and
Henoux [76] and by Kazantsev, Petrashen, and Firstova, [77], as well as by the
joint review of Fujimoto and Kazantsev [78].

Turning now to the recent past and to the present, PPS appears to be teeming
with activities. In the theoretical area (which is my area) I am aware of the
following major activities:

1. The development, testing, and implementation of the population-alignment
collisional- radiative (PACR) model for a variety of systems by Iwamae, Fujimoto
and associates and collaborators. First results from the PACR model were reported
by Iwamae et al. for beryllium-like oxygen [65] . Subsequently detailed calculations
were performed for helium-like carbon [66] and current work deals with helium itself
[79].

2. The development of the magnetic-sublevel population time-dependent col-
lisional radiative atomic kinetics code by Hakel, Mancini and collaborators, and
linking it to hydrodynamics and radiation transport codes and implementing it for



the interpretation of polarization spectra of laser-produced plasmas [80].

3. Development and implementation of a theoretical scheme for the use of X-
ray spectropolarimetry to measure weak magnetic fields by Kazantsev, Petrashen, -
Shlyaptseva and collaborators [81, 82].

- 4. The use of the Zhang-Sampson-Clark code for the interpretation of polar-
ization experiments on the EBIT machine at the Lawrence Livermore National
Laboratory and the study of various physical effects in the polarization by Reed
and M.H. Chen [83], by Smith [84], and by H. Chen [85] and collaborators.

5. Development of a fully relativistic approach for incorporating resonance
contributions to the electron impact induced magnetic sublevel excitation cross
sections of ions by Zhang and Sampson [17].

6. Quantum-mechanical formulation of the problem of alignment creation by
elastic scattering by Csanak, Kilcrease and collaborators [86).

The following major experimental activities came to my attention:

1. Polarization measurements on an ECR Plasma by A. Iwamae, T. Fujimoto
and collaborators [79].

2. PPS on the Large Helical Device by M. Hayakawa, A. Iwamae, and T.
Fujimoto [87].

3. PPS of recombining plasmas produced by ultra-short laser pulses, by T.
Kawachi, N. Hasegawa, A. Twamae, T. Fujimoto and collaborators [88].

4. PPS measurement on the laser-produced recombining Al plasma by D.E.
Kim and J. Kim [89)].

5. X-ray line polarization measurements on the EBIT Machine: principal in-
terest was recently L-shell X-ray lines. These include the 2-3 lines in Fe XVII and
in Fe XVII [90}. PPS was also used to diagnose the thermal energy distribution in
the Livermore EBIT machine [91].

6. X-ray spectropolarimetry on the pulsed power Z-pinch device at the Nevada
Terawatt Facility by Shlyaptseva and collaborators [92].

This concludes the list of those theoretical and experimental activities in PPS
in the recent past and currently which I was aware of just before the Workshop.
For updated information the reader should consult the Table of Contents of these
Proceedings and for details the individual articles.

And now to the future! '

It is known to be difficult to make predictions for the future, but I see the future
of PPS is bright!
My optimism is based on the following facts:

1. In astrophysics, especially in the physics of solar flares, PPS is a solidly es-
tablished technique. In fact one of the reasons Kazantsev, Petrashen, and Firstova
(77] wrote their book was to give the theoretical foundation of PPS for astrophysi-
cists as well as collect PPS’s successes in astrophysics. Their main interest was
directed to solar physies, but it is known that neutron stars and white dwarfs have
very high magnetic fields on their surfaces and therefore radiation emanating from



their surfaces should be polarized too [93].

2. There are now well established PPS laboratories all over the world (Kyoto
University, NIFS, JAERI-Kansai, Livermore, Reno, Pohang, Lehigh University,
Moscow). '

3. There are well established collaborations between various research groups
(Kyoto-Los Alamos-Perth, Livermore-Reno-Meudon-St. Petersburg, Kyoto-Pohang,
Kyoto-Toki, Kyoto-JAERI-Kansai). Professors Vainshtein, Urnov, and Dubau
have collaborated with several experimental groups in the past.

4. There are experimental-theoretical efforts directed at the same problem:
the experimentally obtained data are being interpreted theoretically (Kyoto-Los
Alamos-Perth, Livermore, Reno).

I am sure that in the future the field of PPS will undergo further consolidation
as the most important technical and scientific problems surface and get solved.
Thus we can look forward to the next PPS Workshop with anticipation.

I would like to thank to Drs. A. Iwamae, P. Beiersdorfer, A. Shlyaptseva,
P. Hakel, J. Weisheit, H.L. Zhang and D.P. Kilcrease for providing input to this
“Overview”. ' '

This work was performed under the auspices of the U.S. Department of Energy.
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1. Introduction

With regard to the light emission, polarization is the second characteristic next to
the photon energy. In the optical region polarization is rather straightforward to measure
and it is contributing to understanding the characteristics of plasmas [1]. However,
polarization of x-rays is difficult to measure, and many x-ray spectra are presented in the
literature even without an explicit mention about the polarization effects. Exceptions are
e.g., polarized He-like x-rays from the electron beam ion trap [2], solar flares [3], vacuum
sparks [4], plasma foci [5], and laser-produced plasmas [6].

One difficulty in spectroscopy of the plasmas produced by lasers and from Z-
pinches is that they radiate emissions from a small region, which is called the hot spot,
the bright spot or the plasma point [7]. These plasmas vary too rapidly in space and time
to be followed by the conventional instrumentation. The measurements are then averages
over space and time, but these averages do not necessarily reflect the average of the
plasma state.

Interpretation of the spectra in terms of single plasma parameters suffers further
problems, which are difficult to solve or poorly known. These problems include the use
of polarized x-rays for calibration without recognizing that, or a possible angular
dependence of the intensity of polarized radiation from the plasma. Original polarization
may be affected by hyperfine interactions, or by the opacity since photons diffuses
through the various plasma regions to reach the instrument outside.

Radiation from a plasma is polarized only if the radiation comes from excited ions
that are aligned at the time that they radiate. Aligned excited states may be due to a
preferential orientation of the ions in electromagnetic fields. Those macroscopic fields
can be generated in plasma or just created by electrons responsible for excitation of ions.

When the plasma electrons are in random directions, the x-rays from the different
ions are also polarized in random directions, and the radiation from the plasma is
unpolarized. However, if the electrons that ar¢ energetic enough to excite the ions are
anisotropic, with their velocities mostly in a particular direction, the x-rays from the
plasma could be polarized. Usually only the electrons in the high energy tail of a
Maxwellian energy distribution are responsible to excite helium-like ions, for example.
In addition various kinds of fast electrons are expected in hot dense plasma of Z-pinches
[8]. Therefore, polarized x-rays are very sensitive diagnostic means for electrons in the
anisotropic tail of a basically Maxwellian energy distribution,

Interpreting the polarization measurement in terms of an anisotropic electron
distribution assumes that the electron’s electric field determines the orientation of the ion
during the time needed to radiate the polarized x-ray. This is true for isolated ions, or for
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jons in a relatively tenuous plasma. Then the only electric field that can orient the
excited ion comes from the electron that did the excitation.

Since the plasmas treated in this review are dense the electric field produced in
the plasma becomes more important in orienting the electron orbit in the excited 1on, as
first suggested by Sholin [9]. Then the polarization reflects not only the anisotropic
electrons, but also the plasma electric field. However details are not known yet about the
plasma size, the spatial extent of the electron beam and electromagnetic fields, their
duration, and the interaction of spatially anisotropic hot electrons and electromagnetic
fields with multicharged ions.

In conventional spectroscopy x-ray spectrum is interpreted in terms of the plasma
density and temperature on the basis of the ratio between specific lines. However, some
lines can be polarized while others are not, so that ignoring polarization could give
substantially different estimates from the correct plasma density, for example. On the
other hand, if we have a proper theoretical understanding the observed polarization could
give information about anisotropic electrons or strong electric and/or magnetic fields. To
the best of our knowledge, the necessary theoretical understanding of polarized x-ray
emission from a dense plasma is still being developed; for isolated ions the line spectrum
and its polarization are understood, at least in principle [2].

In this paper we review the experimental results of the He-like lines of iron and
argon emitted from vacuum spark plasmas from the standpoint of polarization study.
These include the plasma focus at the discharge current 500 kA and the Z-pinch with
current of 3 MA [10,11], which is discussed for the first time here. The He-like lines are
favored for diagnosing plasmas because they have substantial intensities over a large
temperature range, and they can be resolved well with modermn spectrometers.

Despite many publications on polarized radiation from plasmas over the last few
decades, it is not yet possible for us to use the various theoretical approaches in a
quantitative interpretation of the observed x-ray polarization in terms of the two. effects
“that have received much attention: anisotropic energetic electrons and the strong electric
and/or magnetic fields. Both the effects should be characteristic of the pinch plasma,
which has a definite axis defined by the electrodes. At present we have to restrict
ourselves within the qualitative discussions as presented below.

2. Experimental results.
L. Vacuum spark — discharge current 150 kA

A 150 kA vacuum spark machine [4] with iron electrodes produced iron plasmas
which usually contained one or more plasma points. These localized plasma regions are
responsible for all the plasma’s radiation in helium-like x-rays. The x-rays were observed
by two focusing Johann spectrometers with high resolution of dA/A~5X 10" The
dispersive element was a spherical quartz crystal (2d=0.85 nm, R.= 0.5 m), which was
placed at about 0.14 m away from the plasma. A 20 micron thick beryllium filter
protected the spectrometers from the visible light.

The film was exposed to the radiation from 500 shots. Then the electrode was
replaced and the same film was further exposed to the x-rays from an additional 500
shots. Ten of these shot sequences were necessary to obtain reproducible spectra. The
reproducibility was verified with a second series of 5000 shots. These spectra are
averages: they are sum of the features of the thousands of plasma points produced in
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5000 shots, not the characteristics of an individual plasma point. We are confident that
both devices observed the same region, i.e., the entire vacuum spark. In an independent
experiment it was confirmed that two spectrometers with dispersion planes oriented in the
same direction with respect to the pinch axis gave an identical spectra (in the second

order).

- v oy o, sacond s Figure la is the FeXXV lines obtained with
13 the first spectrometer in the second order, and Figure
jwm Ib is the same lines obtained with the second
5 o spectrometet in the third order. In both cases the
Ew crystal dispersion plane is oriented perpendicular to
% the discharge axis. The only line that is more or less
e TR T AT isolated is the Fe XXV 1s2p('P;)-15*('Sp) resonance
wavelength, e tine (marked with Gabriel’s notation, w). The other

wl WY three main FeXXYV lines are unresolved: a peak at the

FeXXV, third order,
Q=41 degrees

position of the 1s2p(’P1)-1s*('Se) intercombination
line {marked y) is visible as part of the broad structure
which contains two additional lines, the 1s2p(°Py)-
lsz('SO) magnetic-quadrupole transition and the
1525(°S1)-1s*('Sp) forbidden line. All the lines are
S N heavily broadened, which are due to different plasma

inteneity,au.

© 0 200 30 400 500 60

wavelength,au.

Fig.la,b. Spectra FeXXV in
second and third orders

positions, satellite transitions in the lithium-like ions,
and other well known effects. We try a qualitative
interpretation of these spectra below.

It is obvious that Figures la and ib differ

substantially; in the second order of reflection, Figure 1a, the w-line produces the larger
film density than the broad structure. In the third order, in Figure 1b, the w-line is less
intense than the broad structure. In other words, the w line can be weaker or stronger
than other lines in FeXXV, depending on the diffraction order. The relative intensity of
the w and y lines is commonly used to estimate the plasma density. Using these different
w/y line ratios from these different spectra would give substantially different density
estimates, even though the spectra come from the same plasma. This difficulty is
resolved if we take x-ray polarization into account explicitly and correct the crystal
reflectivity for different polarizations.

For the A=0.185 nm (6.7 keV) iron line diffracted off our quartz crystal with
~ 24=0.85 nm in the second order of reflection (#=2) the Bragg angle (given by 2d sin =
nk ) is O = 26 degrees, and in the third order (#=3) the angle is 6 = 41 degrees. For the
spectrum of Figure 1b, the crystal is close to the Brewster angle for x-rays (45 degrees),
and reflection of the p-polarized x-rays is virtually zero. As a result, Figure 1b is a
spectrum that contains only x-rays with polarization whose electric field is parallel to the
crystal surface. Figure la contains both polarizations, parallel and perpendicular to the
crystal. In a further quantitative interpretation, we may have to take into account the
opacity effects.

11. Plasma focus, Mather type —discharge current 500 kA

Two X-ray spectrometers A, B with spherical quartz crystals (2d = 0.668 nm, R,
= 0.5 m) with mutually perpendicular dispersion planes were used to obtain spectra of
ArXVIl in one shot [13]. The spectrometer arrangement is given in Fig.2. Dispersion
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plane of device B is perpendicular to the discharge axis and it incorporates a 300pm sht.
The plasma to crystal distance was 0.5 m, and Kodak DEF was detector. A typical
plasma image is shown in the central part of Fig. 2. Plasma consists of a few (1-10) hot
' spots with diameter 0.3-0.5 mm.
For polarization analysis the
' only shots with a single hot spot
H were considered which provided the
T ;me- -x same field of view for both the
: spectrometers [14]. An example of
Fig.2. Device arrangement - spectra from both the spectrometers
and the corresponding plasma image
are presented in Fig.3. The spectrum from spectrometer A with the dispersion plane
parallel to the discharge axis exhibits the w line much stronger than y while the spectrum
taken by B shows less dramatic difference in the intensities of those lines. That 1s
understandable if the w line is polarized in the direction perpendicular to the discharge
axis.
According to the theory [9] the w line is polarized by up to 60% if the excitation
is by fast electrons just above the excitation threshold and a degree of polarization up to
50% can be expected due to the presence of electric fields.

ot B .
devicein XZ plane - U

A

fiotd of view

Within the accuracy of the

3 LR present measurements the other
T o] e aed lines are  unpolarized, in
s 0 4 » . -

£ =] accordance with the prediction

w\#\, my RS from the simple theories.  The

o R SRR degree of polarization could be
Fin3. S d §:: ‘ even lower owing to such effects
nllagén;a ip:;t;: * £ ,:.T.. TR “:J:M: & s depolarizing collisions  with
Wavalergth 1] low-energy electrons or opacity.

Still, the measurements here
indicate an appreciable polarization in the w-line.

Although the w lines from the vacuum spark and plasma focus indicate
polarization, the relatively large line widths, opacity effect, etc make it more difficult to
reach definite conclusions about the velocity distribution or electromagnetic ficlds.
11L. Angara-5-1 —discharge current 3 MA

An x-ray spectrometer with a convex mica crystal (2d = 1.9989 nm, R = 0.025
m) was used to observe the x-ray spectra emitted from Angara-5-1 machine. The plasma
to crystal distance was 2.2 m, and the dispersion plane of the spectrometer was
perpendicular to the discharge axis. Kodak DEF was used as detector. An example of
the spectra is shown in Fig4a. The H- and He-like lines of Ar are registered in the
second, third and forth orders. Figure 4b shows the corresponding densitograms, These
spectra were kindly provided by the researchers from Angara-5-1 and detailed
discussions are further planned in [10, 11].

The two spectra in Fig. 4b show no obvious difference in relative intensities of the
y and w lines. Even if these lines were polarized, the polarization degrees are lower than
those of the lines emitted from the machines with a smaller discharge current. This very
preliminary conclusion needs to be confirmed in future experiments.
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Fig.4b. Densitograms

The degree of polarization would be interpretable in terms of interesting plasma
parameters if it were known how the plasma affects the x-ray polarization. Some related
‘ aspects of the given problem are considered in section

3 of this paper. »

Summarizing the results from sub-section I-111
we emphasize the important features of the presented
time integrated spectra;

i) The width of the resonance line is larger than
that of the intercombination line for all the
studied elements at the current 500 kA, 3 MA
(y line is not resolved enough at the current 150
kA to make such a conclusion).

o ﬁj]n charg?ﬂ & » i) Relative intensity of the intercombination line is
Fig.4c. Calculated relative higher than exl_)ecmd_; see Fig.dc. .
intensity of ytow 1ii) The apparent intensity of the resonance line to

the intercombination line intensity might
indicate polarization at the discharge current of 150 and 500 kA.
We further consider the problems, mentioned in 1)-iii).

3. Spectrum analysis — line width and intensity.
. Measured width of lines
The experimental width of the resonance line of Ar XVII at the discharge current

3 MA is 10 mA. The measured width A}, consists of several components;

A)‘»m = (A}'dcv2 + AA-pz + A?\'mdz + AA'uknz)wza (])
where Akge — the broadening due to apparatus function, A, — the line broadening due
to the plasma, Admg = 0.1 mA — the natural width, Ak, — broadening from unknown
reasons. The first two components can be estimated as follows:

A?\-de\'z = Al-gcom2 + Akdiffrz + A;k-fm:z + A;\-dm2 + Aksizcza (2)

where Algom — the geometrical component: for focusing crystals it includes optical
aberrations and errors in manufacturing, AAgy — the diffraction component, which
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corresponds to HWRC = 40 arcseconds for our quartz crystals, Ak ~ the component due
to incorrect positioning of the detector on the Rowland circle (for Johann, Johansson,
Cauchois and Cauchois-Johansson spectrometers), Aigq — the broadening due to the
detector itself (an example is the double layer film when used at a small grazing angles
[1 5], Ahgize — the broadening caused by a finite size of the plasma, this type of broadening
is negligibly small in the case of focusing spectrometers of Johann or Cauchois type and
vanishes on the middle plane of an ideally manufactured Johansson or Cauchois -
Johansson spectrometer. Algey = 5 mA for the spectra at the current 3 MA.

A?\'pz = A?\-DZ + A}-Smrkz + Alchmanz, (3)

where AAp — the Doppler broadening, Aksun — the Stark broadening, Alzeeman — the
broadening due to the Zeeman effect.

It should be noted that, in optically thick plasmas, the line width is further
disturbed by opacity and the measured width can be even larger than that described by
equation (1).

1. Doppler component of the w-line width
The line broadening caused by the thermal motion of radiating ions (atoms) is:

é52:2.44-10--”\13 (4)
A 4

Here T; is the ion temperature in keV, 4 is the ion mass in atomic units, 8Ap is the total
width at half-maximum. Substituting the argon mass one obtains for the w-line of the
helium-like argon (A=3,947 mA)

84y, =1.53T mA. (5)

If T, = 1 keV then 84,,, = 1.53 mA. In Z-pinches the typical situation is T, = 1

keV and T.= T, so that the experimental width of w (10 mA) cannot be explained by the
Doppler effect.
1ML Stark component of the w-line width

Flgure 5 shows the displacement of upper levels of the ArXVIl resonance line 2
'P, - 1'Sy and the intercombination line 2*P, — 1'S, versus the strength £ of the plasma
macroscopic electric field (Stark effect). Calculations are made for stationary electric
field.in the LS- couplmg scheme. This approximation gives the upper bound of the actual
s 11 displacement of the levels.
and e **"“'""" . S In plasma dynamics the following

- [EREIERERE P PR

e 23]1,2-'»' situation may arise: an electric field generated by

i R the plasma collective processes grows up to a

3T substantial strength during the lifetime of the He-
w324t -

like ions. The displacement of upper level of
corresponding lines would then be a measure of
line broadening due to the Stark effect.

PRUTY WA SR S SR K

3 E T & 8 m
Strength of sisctric fisld e 9, Vicm

Fig.5. n=2 levels is electric field, ArXVII
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It is seen from Fig.5 that Ahsgs = 1 mA for E =4 X 10° V/iem. Stark broadening
would be comparable with the measured width (10 mA) of the w-line only if £ >10"
V/em. To our knowledge no experimental evidence exists that confirms the presence of
such an electric fields with £ >10'" V/em. In section V below in this paper, we will
discuss the time-dependent electric fields as estimated theoretically.

IV. Zeeman component of the w-line width '

A possible maximum value of a magnetic field on the boundary of plasma column
(radius r) is expressed as B = 0.2//r, where ~ is in cm, B is in Gauss, and / is the current in
amperes. For the case of r=1 mm, /=3X10° A, B=6X10° Gs. Ahzeeman = Ahpa = 0.1
mA is two orders of magnitude smaller than the measured width of the w-line.

V. Intensity of intercombination line and forbidden line

The forbidden line 2'S, —
1'Sy lies in close vicinity to the
intercombination line 2°P, - 1'S,
for all the elements; see Fig.6.
According to selection rules the
; intensity of the forbidden line is
-tk zero. But the situation is changed

b

i IR Tt A under  strong  electric  fields.
wndl Fig.8. Relative intensity of forbidden line to y line. Figure 7 shows the relative
el L e TR L intensity of 2'Sy - 1'Sy to 2'Py-

0 1 4 3 4 3 13 7 L} g 0 1 2 1 u | . .- .
Strangth of slectric field *e-8, Viem 1'Sq versus £, Since this increase

is due to the mixing of the 2'P, wave function into the 2'S, state, the w line decreases by
the same amount as the increase in the y line intensity. Figure 8 shows the relative
intensity of the 2'Sy - 1'Sy line to the intercombination line y. The intensity of the
forbidden line can be larger than that of the intercombination line if E>2 X 10° V/em.

B S s e oo e “|‘,J,,_..-a1 For time
100 4 L e ; 1| integrated
e //-’T/ ~rrreriore| measure-
2 1 / IR 1.1 ¢ | mentsthe
J; P F=r7| actual yield
B g Lo e o of  the  for-
& 4 -+ Fig7. Relative intensity of "1 bidden line
| forviddento wtine | | depends on
o4 L S 0 I N : the strength
. T - Y Y y y Y v Y a 1 2 1 5 [ 7 L} F BN 7N W .
0 40 20 30 40 50 50 70 80 QD Strangth of electric flsid “s, Vicm of the electric

nauclear charge

fields in
plasma dynamics: i.e. how long electric fields coexist with the He-like ions. Since the
forbidden line lies in the close vicinity of y, the measured intensity of the y-line can be
enhanced due to the yield of the forbidden line. This point has to be taken into account in
plasma diagnostics, where the ratio y/w is widely used to determine the plasma electron
density. In this case, the width of the intercombination line y includes contributions both
from the forbidden line and the adjacent satellites.
V. MHD calculations of electric fields and electron beams
MHD calcutations for the argon discharges were camried out, which included the
magnetic field pressure, the plasma outflow in the z-direction, anomalous Joule heating,
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radiation losses and the generation of an electron beam. The detailed description of the
physical model is given in [16]. High ohmic electric ficlds is generated in the z-direction
due to anomalous plasma
resistivity and an  even
higher Hall electric field is
generated . in  the radial
direction. Figure 9 shows
an example of the strength
of the radial electric field £,
the axial electric field
strength E; in MV/cm, the
plasma temperature 7. in
keV, the plasma density N,
in cm™, the plasma radius r,
the electron beam current
Tbeam 10 KA, together with
the intensities of the
Fig.9. 1=500 kA Time,nsec resonance lines of He- and
H-like ions (arbitrary units)
versus time. The discharge current is 500 kA. In the final stage of plasma expansion 7
is kept constant in >90 nsec. It is seen that the maximum value of is E; is 2 MV/cm, and
this is higher than the maximum value of £, = 0.6 MV/cm. The maximum value of the
beam current is 20 kA. This figure suggests that time-integrated intensities of the
resonance H-like line can be more affected by the electric fields or/and the electron beam
than the He-like resonance line. ‘
Figure 10 shows the same parameters as Fig. 9 at the discharge current 2 MA, and

Plasma dynamics (MHD@ with anomalous resistivity)

0.05 7"

Plasma dynamics (MHD0 with anomalous resistivity)

0.045

Y IVF SRS S

30 40 50 60 70 ao 7 5 &0
Time,nsec time, ns
Fig. 10. 1=2 MA. The displacement of the 'P; level of He-like argon.

the corresponding displacement of upper tevel of the resonance line w versus time.
Figures 9 and 10 testify that He and H-like ions coexist in time with fast electrons and
high electric fields in the same plasma volume. The clectron beam (and also the
generation of electrons with a few keV) is thought to come from the hot spot and its
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neighborhood at the time of its breakdown, when the density of hot ions is still sufficient

to emit substantial radiation. In these models the electron beam has an energy

distribution from many keV up to many hundreds of keV, and the motion of low energy

(a few keV) electrons emanating from the beam is determined by the complicated

electromagnetic fields inside the plasma. Our conclusions are: the higher is the discharge

current :

i) the higher is the strength of the generated electric fields, and the shorter is the
lifetime of electric fields;

it} the less is the percentage of electrons in the electron beam, and the shorter is the
beam lifetime;

iii) the shorter is the plasma lifetime; and

iv) the shorter is the interaction time of the He-like ions with electron beams and
electric fields.

Figure 9 suggests that, even for the small discharge current, the space and time
averaged degree of plasma anisotropy may be small and so is the observed polarization.
However, time and/or space resolved data could reveal high degree of polarization at
some instant.

In our MHD model we did not take into account the turbulent magnetic fields,
which might change the plasma dynamics. Its influence on plasma dynamics-as well as
on the x-ray emission are described in {90] Another theoretical approach, given in [17],
predicts the electric field strength £ = 10" V/em.

VL Estimation of apacity effect
The absorption range L, for resonance photons (w-line) on the assumption of the
Doppler line shape is: Ly = (84,/84 ,)/N/3.14/4 = 2X 10"%/N cm, where N is the

concentration of the He-like ions. If N = 10" ¢cm™ then L, = 2u. For the 3MA ‘plasma
we do not have experimental data on the size d of the hot spots, radiating the w-line.
Typical plasma size is 0.1-1 mm. Thus we may conclude that L,, = 2 is much smaller
than the plasma size.

The absorption coefficient for the w-line is &, = 1/ Ly, and k4 = d/L,> 50. So the
plasma is optically thick to the w-line radiation. The broadening of the w-line due to the
plasma opacity for a Doppler line shape can be roughly estimated as

Sy = 875 x(Inkd)'"? = 484, . (6)
The apparent broadening of the w line in Figs. 3 and 4 may be due to thls effect.
It is noted that, even the opacity effect modifies the line profile, the integrated intensity
over the line is unchanged, because under our experimental conditions, the population
balance of the upper level, 2 'P,, is excitation and the radiative decay, i.c., corona
equilibrium. More correct estimation (within the pinch dynamics) is now being
considered and will be published.

4. Concluding remarks

It is noted that difficulties in doing a more complete analysis on polarization are
partly experimental. It would be desirable if we can have a crystal which gives lower
order reflection angle that coincides with the Brewster angle for x-rays (45°).

Careful quantitative interpretation of polarization phenomena in hot dense
plasmas needs a theory that takes into account important details of the processes involved.
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The theoretical prediction of the degree of polarization of the w and y lines can be done
in the framework of the time dependent collisional-radiative model, which includes:
generation of fast electrons and atomic rates integrated over a nonmaxvellian distribution
function, the opacity effect, the cascade feeding, the fine structure of appropriate levels,
generation of high electromagnetic fields and their influence on energy levels, including
forbidden lines, etc. A more satisfactory and quantitative interpretation of the results
presented here is underway. :

Acknowledgements.
We are grateful to Dr. M.Goto for fruitful discussions on this paper.
Three of us are partially supported by RFF! grant no 02-02-16832.

References

1.T.Fujimoto, Journal of Plasma and Fusion research,v.78,no 8, p.731-737, 2002.

2. J. R. Henderson, P. Beiersdorfer, C. L. Bennett, S. Chantrenne, D. A. Knapp, R. E.
Marrs, M. B. Schneider, K. L. Wong, G. A. Doschek, J. F. Seely, C. M. Brown, R. E.
LaVilla, J. Dubau, M. A. Levine, Phys. Rev. Lett 65 705 (1990).

3. Korchak A A. Sov. Phys. Dokl., 12, 92 (1967).

4. Baronova E.O., Vikhrev V.V. etal. Proc. Eleventh Col. on UV and X-Ray Spectr,
Nagoya, Japan, pp. 465-467, (1995) and Plasma Physics reports v.24,n.1,25,1998.

5. Jakubowski L, et al, Proceedings of the 4-th z-pinch Conference, AIP Conf. Proc 409
(1997).

6. 1.C.Kieffer., J.P.Matte, M.Chaker, Y .Beaudoin, C.Y. Chein, S.Coe, G. Mourou,
J.Dubau and M K. Inal, Phys. Rev. Letters, 68, 480 (1992).

7. K. N. Koshelev and N. R. Pereira, J. Appl. Phys, 69, R21 (1991).

8. Vikhrev V.V. .Baronova E.Q., Proc of Beams Conf, editted by M. Marcovitz and
J.Shiloh, vol. 2, p. 666-669,1998. '

9. Sholin G.V. Docl. Acad of Science, 175, 1256, (1967). '

10. Baronova E.O., Stepanenko M.M., Vikhrev V.V, Sholin G.V., Fujimoto T., will be
presented on Beams 2004 Conference, Saint-Petersburg, Russia .

I1. Volkov G.V., Zaitsev V.1, etc, will be presented on Beams 2004 Conference, Saint
Petersburg, Russia.

12. Ina! MK, Dubau J. J. Phys. B: At. Mol. Phys. 20, 4221, (1987). The first
computation is Oppenheimer J.R., Z. Phys. a, 43, 27 (1927): see also e.g., N. F. Mott and
H. S. W. Massey, “The theory of atomic collisions,” third edition, p 510 {Oxford, 1985) .
13. L.Jakubowski, M.Sadowski, E.Q.Baronova, Nucl.Fusion, 2004.

14. Baronova E.Q, Stepanenko M.M., Jakubowski L., Tsunemi H., Journal of Plasma and
Fusion research,v.78,no 8, p.759-766, 2002.

15. Baronova E.O., Takasugi K., Vikhrev V.V., Miyamoto T., “X-ray spectra of Argon
and Iron ions in a gas-puff Z-pinch®, Beams Conference, June, 2000, Niigata, Japan, p.
364.

16. Baronova E.O., Vikhrev V.V, all-Russian Seminar on Z-pinches, April 2004.

17. Gordeev A.V_, Loseva T.V., Plasma physics reports, 2003, v.29, no 9, p.809-817.

-20 -



Time-Resolved Studies of Highly Ionized Ar-Lines

within MAJA Plasma Focus Device

L.Jakubowski, M.J.Sadowski, E.O.Baronova"

The-Andrzej Soltan Institute for Nuclear Studies (IPI),
05-400 Otwock-Swierk n. Warsaw, Poland
' NRC “Kurchatov Institute”, Institute of Fusion Research, Moscow, Russia

E-mail: jakubowskifeip).eov.pl

Abstract: The paper concerns studies of highly-ionized argon spectral lines measured with
spatial- and temporal-resolution. In plasma-focus devices operated with a deuterium-argon mixture,
there are ofien observed several (up to a dozen) high-temperature plasma micro-regions (so called hot-
spots), which are formed near the pinch axis. The appearance of several micro-sources of X-rays
makes the determination of sorﬁe important plasma characteristics é.g., the pblarization of the emitted
X-ray lines, difficult and questionable. Time-resolved measurements of the selected spatial lines
enable the temporal correlation of the analyzed phenomena to be performed. The paper presents also
studies of pulsed electron beams measured along and perpendicularly to the z-axis, as well as other
characteristics of plasma-focus discharges. It has been found that the emission of highly ionized argon
lines is well correlated with the appearance of successive hot-spots. On the basis of X-ray
measurements there were determined temporal changes of the electron concentration and temperature

within the observed hot-spots.

1. Introductioh

In pulsed discharges of the plasma-focus (PF) type, the accelerated.cun’ent sheath (after
reaching the electrode ends) undergoes the radial collapse and it forms a dense plasma pinch
column {1-2]. Inside this column one can observe numerous micro-regions of an increased X-
ray emission, which are called hot-spots. It was observed that the hot-spots are formed
successively, starting from the electrode outlet and developing along the z-axis [3-4]. It makes
difficult to determine some characteristics of PF discharges, e.g. the polarization of X-ray
spectral lines cannot be measured unanimously because there are several micro-sources of

their emission.
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Since different hot-spots are formed along the z-axis in various instants, in order to
determine accurate values of the electron concentration and temperature it is necessary to
perform measurements of the chosen X-ray lines as a function of space and time. Such
measurements can also facilitate identification of other objects (plasma regions) emitting
similar X-ray lines, e.g. regions of Rayleigh-Taylor instabilities which appear within the
moving current sheath. Therefore, simultaneously with the registration of the selected X-ray
spectrum lines, we studied their correlation with pulsed electron beams emitted
perpendicularly to the discharge axis as well as in the upstream direction (towards the anode).
There were also investigated X-rays in various directions, as well as time-integrated X-ray
images taken by means of an X-ray pinhole camera.

Precise measurements of time instants, when the observed spectral lines are emitted
from individual hot-spots, should enable the accurate determination of the polarization of
those lines to be perforrhed. The aim was to carry out time-resolved measurements of the X-
ray lines recorded by means of two crystal spectrometers with mutually perpendicular
dispersion planes, to correlate the selected spectral peaks with corresponding hot-spots, and to

determine the polarization of the X-ray emission from the investigated hot-spots.

2. Expe‘rimental set-up and diagnostic techniques

Time-resolved measurements of X-ray spectra, and particularly of highly-ionized argon
lines, were performed within the MAJA-PF device operated up to 45 kJ. The device was
equipped with two coaxial electrodes with diameter 130 mm and 70 mm, respectively. The
main insulator, which embraced the inner electrode, was made of pyrex tube. Discharges were
powered from a condenser bank charged up to 35 kV, and the maximum discharge current
amounted to about 500 kA. The PF-type discharges were initiated by a break-down along the
main insulator surface, and the current sheath was accelerated within the inter-electrode
tubular gap. At the electrode outlet the radial collapse of the current-sheath formed a dense
pinch column (called the plasma-focus). This plasma column was usually non-uniform and it
demonstrated different instabilities. Inside the PF pinch column, under given experimental
conditions, there are formed micro-regions of relatively high electron concentration (=10"
cm™) and temperature (~ 1 keV). These dense plasma micro-regions (hot-spots) constitute
sources of intense visible and X-ray emission, pulsed electron beams and fast ion beams [7-8].
If such discharges are performed with the deuterium filling there are also observed fast

neutrons originating from D-D fusion reactions.
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The X-ray emission has been investigated within the MAJA-PF device for many years.
The X-ray spectra in the wavelength range of 3.8 — 42 A were measured by means of a
crystal spectrometers of the Johann type. In this wavelength range one can observe intense
lines of highly ionized argon, and particularly Ar-XVII — 1s2p('P,) — 15%('Sg) - resonance line,
1s2pCP))- 15%("S,) - intercombination line, as well as Li-like (Ar-XVI) satellite lines
belonging to 1s213L transitions. Therefore, the recent studies have been -performed at the
deuterium filling with a small (several per cent).argon admixture.

During previous experiments with the MAJA-PF device particular attention was paid to

spectral measurements of X-rays emitted from diftferent hot-spots [5}. It was performed by
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Fig. 1. X-ray lines intensities (A) and corresponding X-ray spectra (B), as obtained from
highly ionized argon-ions, in a comparison with the X-ray pinhole picture (C), which shows
the spatiat distnibution of hot spots in the investigated PF discharge.

means of a narrow slit place in front of the crystal spectrometer, which ensured the same
spatial resolution along the discharge axis. Some examples of the recorded X-ray spectra are
presented in Fig-.l [6]. Taking into account intensity ratio of the selected X-ray lines, as
recorded for individual hot-spots, it was possible to estimate values of the electron
concentration and temperature within the observed micro-regions.

Measurements of the polarization of the chosen X-ray lines have been carried out by
means of two spectrometers equipped with almost identical crystals, but oriented in such a
way that their dispersion planes were mutually perpendicular [9-10]. In order to record the
selected X-ray lines as a function of time, the detection systems of the spectrometers were
modified so that the X-ray films were replaced by sets of miniature scintillators of the
NE102A type. These scintillation detectors could record the chosen spectral lines separately.

Due to spatial limitations it was necessary to place the neighbour scintillators with some shift
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along the observed spectral lines. All the detectors were coupled with fast photomultipliers
through thin optical cables. The whole detection system has been tested and the measured
differences in the signal transmission times have been set below | ns. Amplification factors of
the investigated signals have also been determined. The time-resolved measurements of the
X-ray lines were correlated with measurements of “soft” (1-4 keV) and “hard” (8-30 keV) X-
ray emission as well as of pulsed ion streams emitted along the discharge axis. The use was
made of a multi-channel digital analyzer operated at 1 GHz probing frequency. There were
also measured pulsed electron beams, emitted perpendicularly to the z-axis (at 90° ) as well as
those emitted towards the anode (at 180°). To investigate electrons emitted in the upstream
direction, the anode was equipped with a special opening (of 10 mm in diameter), which
enabled the e-beams to be recorded behind the main collector plate, at a distance of about 50
cm from the PF pinch region. These e-beams were recorded by means of Cerenkov-type
detectors [11] equipped with special radiators made of rutil. The Cerenkov effect appears
when electrons have energies higher than a given threshold value, which depends on a
refractive index of the radiator material. The rutil crystals enabled electrons of energy >40
keV to be observed, but to eliminate the visible radiation it was necessary to apply additional
cooper-foil filters, which increased the detection threshold to about 70 keV. In order to record
fast electrons emitted perpendicularly (of 90°) to the z-axis the applied Cerenkov detectors

were placed at a distance of 50 cm from this axis.

3. Experimental results
3.1. Study of fast electrons emitted pérpendicularly to the discharge axis
As it was reported in previous papers [3,4,6] fast electron beams are emitted mostly

towards the anode (at the angle of 180°) during the radial collapse of the PF pinch column at

e e
El (9¢°) [ w -
U J
S fi d!ﬁu.{!.ﬂnﬁai
~

El(130% |
A soff v s/0iy
00 n$

Fig,2. Correlation of electron pulses observed perpendicularly to the z-axis - E1 (90°) with other
discharge waveforms, i.e. inter-electrode voltage - U, fast electron beams emitted along the z-
axis - E1 (180%) and “soft” X-rays measured at the z-axis - X,(0%)
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the z-axis. In particular,the intense electron pulses correspond to the appearance of the hot-
spots. These electron peaks are combined with peculiarity (dip) of the main discharge current
and they usually correspond to the maximum of the induced over-voltage pulse. At the same
time there appears the emission of “soft” X-rays and accelerated primary ions (emitted mostly
along the z-axis).

In order to understand differences in the polarization of X-ray lines observed side-on the
motion of electrons in radial directions is of primary importance. The electron measurements,
as performed in the direction perpendicular to the discharge axis (under conditions when the
Cerenkov detector did not see the electrode ends), have shown that the pulsed electron beams
appear about 100 ns, before the voltage spike, as shown in Fig.2. This corresponds to an
instant when the current sheath appears in front of the electrode outlet. The emission of an
intense electron pulse of energy > 80 keV, in the radial direction, can be induced by some
instabilities developing in the current sheath, e.g. those of the Rayleigh-Taylor type. Such
instabilities have also been observed in other experiments with the coaxial electrodes [12]. It
should be reminded that the emission of fast electrons in the direction perpendicular to the
discharge axis has already been observed in the previous experiments within MAJA-PF
device [13]. It has also been recorded in the large (1 MJ) PF-1000 facility [14].

3.2. Time-resolved studies of highly-ionized argon lines
Typical examples of oscillograms, as obtained from a PF-type discharge performed with

5% admixture of argon, are shown in Fig.3. One can easily see that the main emission of the
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Fig.3. Correlation of time-resolved signals corresponding to the highly tonized argon lines
with those showing the electron emission at the angle of 90° to the z-axis (A), as well as with
other characteristics of the investigated discharge (B). The total neutron yield from this shot
was 3x10%.

considered spectral lines, i.e. the ArXVIH-'P, - resonance line, the ArXVII-J_Pl
intercombination line, and the averaged ArXVI satellite line, appears during the over-voltage

peak (U). This effect is accompanied by the peculiarity (dip) of the discharge current and the
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emission of the “soft” X-rays - X-soft as well as fast electrons directed towards the anode -
El (180°). 1t should be noted that the beginning of the emission of the investigated X-ray lines
correlates well with the appearance of pulsed electron beams emitted at the angle of 90° to the
discharge axis. The considered spectral lines and the radially oriented electron beams appear
about 100 ns before the main current dip. In this instant the current sheath is pushed from
inter-electrode gap into the region in front of the electrode ends. The emission of the X-ray
lines as well as fast electrons at this time is probably induced by Rayleigh-Taylor instabilities
developing inside the moving current sheath, as observed in similar experimenfal facilities
[12]. Evidently, theoretical studies on the modeling of discharges and instabilities in MAJA-

PF device should be continued, especially for the radial collapse phase.

3.3. Study of correlation of highly-ionized argon lines with appearing hot-spots

During the radial collapse the current sheath undergoes the compression at the z-axis.
The maximum concentration region moves along this axis with a velocity of the order 2x107
cnm/s. Inside the dense pinch column there appear high-temperature micro-regions (hot-spots)
with an increased emissivity of the electromagnetic and corpuscular radiation. The hot-spots
are formed successively along the z-axis and they exist about 10 ns [4]. Also in the emitted X-

ray spectral lines it possible to see correlation with successive hot-spots.

i
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Fig.4. Temporal correlation of the emission of the investigated X-ray lines (A} with the
appearance of the hot spots {B) recorded by means of an X-ray pinhole camera.

Typical traces of the analyzed spectral lines with distinct peaks corresponding to the
recorded hot-spots, are presented in Fig.4. The observed peaks of the X-ray spectral lines
correspond also to peaks of the total X-ray emission within energy range of 1-4 keV (sce trace
“X-soft” in Fig.4A). Upon the recorded X-soft trace there are also visible some late peaks,

induced in the scintillation detector by fast ion pulses, which were emitted simultaneously
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with the X-rays and recorded after their time-of-flight at a distance 70 ¢cm from the PF pinch.
Temporal shifts between successive peaks of the spectral line intensity and real spatial
distances between successive hot-spots are consistent, provided that the velocity of motion of
the maximum concentration region along the z-axis is equal to 2x10” cm/s, as estimated in the
previous paper [4]. On the basis of numerous recorded traces it was estimated that an average
life-time of the hot-spots, as well as the half-width value of the X-ray spectral lines, amounts
to about 10 ns.

The emission of the X-ray spectral lines occurs not only at the instant when the pinch is
formed, but it starts when the current sheath reaches the electrode ends. This emission lasts
(with varying intensity) until the maximum collapse, and it depends on appearing instabilities,
which are microscopically irreproducible. An excellent example of three recorded hot-spots,
which were formed after 30 ns and 40 ns, respectively, is presented in Fig.5. It can be seen
that for the first and second hot-spot there were recorded all the considered speétral lines,
while for the third hot-spot it was possible to record the resonance line only. It was probably
caused by the fact that observation regions for the resonaﬁpe and intercombination lines were

different along the z-axis [15].

1 [ s/0iv v
U [ 100 ns A |
1 \.

Fig.5. Correlation of the emission of X-ray spectral lines and the spatial X-ray pinhole image of
three distinct hot-spots.

It should be noted that for different hot-spots one can measure various values of the
ratio of the resonance, intercombination and satellite lines. This is of course connected with
different values of the electron concentration and temperature in individual hot-spots. Some
found were performed in the previous experiments [5]. For the considered case it was
estimated that the electron concentration in the first hot-spots was 5.9*10*' cm™, while that in
second hot-spot was 7.5%10%" ¢cm™ only. It should also be noted that the emission of the

satellite lines starts first and it [asts the longest time.
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3.4. Study of temporal changes in the electron concentration and temperature of
individual hot-spots. _

The electron concentration of plasma can be estimated from the ratio of intensities of
the resonance and intercombination lines [16]. Since in the applied diagnostic system the
radiation originated from the whole line width, the amplitude of the recorded peak correspond
to the integral over the line profile for the 'conﬁidered instant. Hence, a comparison of
amplitudes of signals for the resonance and intercombination lines enables to estimate the
electron concentration to be performed for the chosen instants. Using this technique for
different instants it is possible to determine temporal changes in the electron concentration

during the appearance and development of different hot-spots.
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Fig.6. Oscillograms of the measured spectral lines of highly-ionized argon (A,B) :;lnd
corresponding temporal changes in the electron concentration and temperature (C).

Some examples of oscillograms of the chosen spectral lines emission and computed
changes in the electron concentration, as a function of time (time is counted from the
beginning of the main discharge current), are presented in Fig.6. It should be noted that the
computations were performed under an assumption that the electron velocity distribution was
maxwellian. Therefore, the results should be treated as approximated ones. In order to
determine these parameters accurately one should know more about directions of the electron
beams propagation and their influences on the population of ion energetic levels.

Using a similar technique and the ratio of intensities of the satellite and resonance lines,
one can also estimate [ 7] temporal changes in the electron temperature for different hot-spots.

The results of such computations as performed on the basis of traces shown in Fig. 6A and 6B,
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are presented in Fig.6C. Results of analogous computations, carried out for a discharge with

several hot-spots, are given in Fig.7.

4. Summary and conclusions

The temporal changes in the emission of highly ionized argon lines were recorded in
MAJA-PF device by means of a relatively simple measuring technique. These changes were
correlated with hot-spots formed inside the pinch column, as well as with the emission of

pulsed electron beams towards the anode and perpendicularly to the z-axis.
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Fig.7. Oscillograms of the highly-ionized argon lines and computed changes in the
electron concentration N, in a comparison with an integrated X-ray pinhole picture, taken
from a discharge with severat hot-spots.

The most important results can be summarized as follows:

1. The electron beams, as observed along the z-axis through the anode, are emitted from
plasma regions (hot-spots) formed inside the PF pinch column at (or nearby) the discharge
axis. It was observed that the pulsed electron beams are also emitted perpendicularly to this
axis, especially from the region close to the electrode outlet. Such radially-oriented beams
appear about 100 ns before the distinct dip in the discharge current. It can be explained by the
emission of the electron beams from strong instabilities, which develop in the current sheath
when it leaves the interelectrode region.

2. It was found that the emission of highly-ionized argon lines originates from the
observed hot spots. The maximum emission of the investipated spectral lines is well

correlated with the appearance and life-time of hot-spots formed during the discharge.
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3. The emission of the X-ray spectral lines starts about 100 ns before the current
peculiarity (dip) and it is correlated with pulsed electron beams emitted perpendicularly to the
discharge axis. It is possible that these effects are caused by Rayleigh-Taylor instabilities
developing within the current sheath.

4. Time-resolved measurements of the chosen spectral lines make possible to determine |
changes in the electron concentration and temperature as a function of time, and particularly

during the formation and development of individual hot-spots.
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Abstract

We discuss the mechanism of polarized X-ray line emission in plasmas, its
connection to plasma anisotropy, and introduce an atomic kinetics model and code (POLAR)
[1] based on the population kinetics of magnetic sublevels. POLAR represents a multi-level,
multi-process approach to the problem of polarized spectra in plasmas, and hence it is well
suited for plasma applications where cascade effects and alignment transfer can become
important.  Polarization degrees of X-ray spectral lines computed with POLAR were
successfully benchmarked against calculations done with other formaiisms, and experimental
results obtained at the EBIT facility of Lawrence Livermore National Laboratory. We also
investigated the polarization of He-like Si X-ray satellite lines as spectral signatures of
anisotropy in the electron distribution function. A comprehensive modeling study was
performed taking into account hydrodynamics and electron kinetics. We find that two
sateilite lines connecting singlet states develop a noticeable polarization while the triplet lines
remain unpolarized. These results suggest a scenario where triplet lines could be used as a

reference while the singlets could be used as polarized markers of plasma anisotropy.

1. Introduction

Plasma spectroscopy has been a valuable tool for the determination of plasma
‘characteristics m astrophysical as well as laboratory plasmas. Observed spectral line
intensity ratios are yardsticks for measuring plasma temperature; Stark-effect-induced
broadening of line profiles contains information about plasma density. Theoretical modeling
of synthetic spectra requires calculation of populations of the plasma ton species that are in
their ground as well as excited states. In non-LTE plasmas, the populations often strongly
deviate from the Boltzmann/Saha-equilibrium values. In order to address this issue multi-
level collisional-radiative atomic kinetic models are constructed. Energy level populations
are then calculated as the result of combined effects of many atomic processes. Many energy
levels may need to be included in a model of spectral data, which in tumn leads to large sizes

of atomic databases. The size and complexity of a particular atomic kinetic model is
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determined by the level of detail used in the description of energy level structure and the
‘number of atomic processes linking them. Since polarized line radiation emerges from
collections of ions with unequal populations of magnetic sublevels within individual fine-
structure levels, development of fundamental, magnetic-sublevel atomic kinetic models is
warranted. Such models must be complemented with a way of calculating polarized line
emissions based on magnetic sublevel populations. Previous work in this direction has been
done by Inal and Dubau using the photon density-matrix formalism [2]. We present another
approach based on properties of multipole radiation fields, which agrees with this previous
work and is consistent with results of the density matrix method adopted for EBIT
measurements [3-6]. With our technique the more traditional (line-intensity oriented) atomic
kinetics modeling is naturally extended to the area of line polarization.

This is implemented in the code POLAR, a collisional-radiative atomic kinetics code
aimed at calculation of magnetic sublevel populations. This model extends more
conventional atomic kinetic modeling by considering alignment-creating anisotropic atomic
processes driven by non-thermal electrons. In Section Il we present the development of
POLAR and Section [II contains the results of application of POLAR to steady-state, low-
density situations in which detailed experiments and independent calculations have been
carried out. The experiments were done at the EBIT facility of Lawrence Livermore
National Laboratory. Experimental conditions in EBIT are ideal for polarization studies,
which makes EBIT very well suited for fundamental studies and tests of X-ray line
polarization models. To this end we have applied POLAR to calculations of polarized K-
shell emissions from He-like Fe ions based on a complex sublevel kinetics model that
includes cascade effects. Thus, the above mentioned experiments and calculations represent
a test bed for the magnetic-sublevel atomic kinetics code POLAR. Next, we applied a fully
time-dependent version of POLAR to meodeling of polarized X-ray emissions from laser-

produced plasmas. The results of those investigations are contained in Section IV.

[I. POLAR - collisional-radiative atomic kinetics of magnetic sublevels

We present a method for calculation of polarization-dependent linc radiation that is
based on a fundamental atomic kinetics modeling of magnetic sublevel populations.
Magnetic sublevels are quantum states characterized by parity =, energy E, total angular
momentum J, and its projection M, We complement these quantum numbers by the

dominant configuration and LS energy-term labels. We construct the rate equations for
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populations of magnetic sublevels using sublevel-to-sublevel electron-impact excitation cross
sections, rates of electron capture, spontaneous radiative decay and other atomic processes.

Having obtained magnetic sublevel populations from atomic kinetics we then
calculate polarization-dependent line intensities. For this purpose we use the multipole
expansion of the radiation field rather than the photon density matrix. It has been customary
to experimentally observe polarized emissions in a direction perpendicular to the chosen
quantization axis and record intensities of radiation that is linearly polarized in the parallel
and " perpendicular directions with respect to the quantization axis. In general, the
polarization of line emissions from sublevel-to-sublevel transitions 15 determined by the
multipole type of the transition and the absolute difference in M; values of the upper and
lower levels. This is a manifestation of angular momentum conservation of the ion and field
system during ion’s decay by photon emission. A fine structure line transition J; — J;
consists of sublevel emissions polarized in both directions, which overlap due to degeneracy
with respect to M; [7]. In the optically thin approximation we calculate polarization-
dependent fine-structure line intensities by,

I, xhvA(J, > J )%

J; J; . '
x S FM) S ML, (AM0=90x{J, ¢ M, -AM |, M) )

M.=—J, M=—1,

;

where hv 1s the transition energy, A(J; —J)) is the transition’s radiative decay rate, f(Mi) are
populations of upper level’s sublevels, O the angle between the quantization axis and the line
of sight, g is the multipolarity of the transition, AM = My ~ M, and () is a Clebsch-Gordan
coefficient. MI(AM,6)’s are rel-ative multipole intensities based on the angular parts of wave-
zone multipole fields that are also known as vector spherical harmonics [8]. The two
polarization-dependent line intensities observed at@ = 905 then yield the linear po]aﬁzation, '

: ) M .

= @

1

Under i.éotropic conditions (Maxwellian plasmas, for instance) populations of magnetic
sublevels within a fine-structure level are the same, which results in unpolarized (i.e.,
isotropic) line emissions. Polarization may therefore artse only from lines whose upper
levels are aligned, i.e., the population is distributed unequally among their sublevels.
Alignment can be created by aniSotropic processes such as collisional excitation or electron

capture due to a beam of energetic electrons.
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III. Applicatidn of POLAR to steady-state line emissions from He-like Fe

Qur atomic kinetic model for He-like Fe consists of 17 J-levels from configurations
lsz, Is 2I, and 1s 31 which results in a total of 53 magnetic sublevels. In order to assess the
effects of 1s 31 — 1s 21’ radiative cascades we calculated polarization of the four 2-to-1 lines
w, x, ¥, and z at electron beam energies 6.8 and 8.0 keV. The 1s 31 excitation threshold is 7.9
keV, hence at 6.8 keV the 1s 3l states acquire only negligible populations by stepwise
excitation via 1s 21 states. Therefore only cascades within the Is 2] states may play a role at
6.8 keV. At 8.0 keV the 1s 31 states become accessible to direct excitation from the ground
state which turns on the n=3 cascades. Considering the low electron density of the beam
(10" cm™) it is sufﬁcient to include only electron-impact excitation and spontaneous
radiative decay processes. Using the suite of Los Alamos codes [9-11] we constructed a
database of 50 rates of electric dipole transitions between J-levels. Our model also includes
the rates of three higher-order transitions, namely those associated with lines x and z [12] and
the fwo-photon decay s 2s'So — 1s% 'S [13]. Inclusion of these processes is necessary,
because the upper levels of these three transitions lack dommant electric dipole decay
channels. Sublevel radiative decay rates are then calculated from the J-level rates 'by the
well-known formula based on the Wigner-Eckart theorem,

AUM, > I, M)y=4a0, > I )<, ¢ M, M,-M, |J, M) @)

Electron-impact excitations are represented by a database of 1296 sublevel excitation
cross sections created with the Los Alamos code ACE. Since the results of kinetic models
heavily depend on the quality of the employed atomic database, we also obtained another
collection of cross sections independently calculated by a fully relativistic code [14]. This
allows us to investigate the sensitivity of our results with respect to various collections of
atomic data produced under different methods and z;pproximations. The comparisons
between these two collections of data show that the relativistic corrections play only a small
role.

For an electron energy of 8.0 keV radiative cascades from n=3 singly excited states
turn on. Adding more energy levels to our model is not necessary because this energy is still
below the 8.2 keV threshold for the n=4 singly excited states. Lines w and x do not undergo
any major changes but line z exhibits interesting properties. Since the “2-level” polarization
of line z is remains zero at 8.0 keV, and a calculation at this energy with the n=3 states
excluded yields a value around ~0.08, the significant increase of polarization up to —0.15 is
caused by cascades from Is 31. We pinpointed the most significant feeding channcls of 1s 2s

3S| and constructed a 5-level mode! in which these effects on line z can be illustrated. This
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five-energy-level subset is: ts? 'Sy, 1s 25 %Sy, s 2p 3P0, ls 2p Py, and 1s 3p *P,. Our results
show that the cascade from s 3p °P, further enhances the negative polarization value seen
also at 6.8 keV that was attributed to the cascade from 1s 2p °P,. The line emission
associated with this cascade is itself noticeably polarized (P = + 0.29) which demonstrates
that alignment transfer from 1s 3p *P; to 1s 2s *S; is indeed taking place. On the other hand,
these two cascades compete with the isotropic cascade from 1s 2p *Py level. These findings
are consistent with earlier calculations of Inal and Dubau [15], who accounted for cascades
by calculating effective collision strengths for the 1s” - Is 21 excitations at several energies,
of which the one closest to our calculations is 7.9 keV (582 Ry). Fig. 1 shows the most
dominant atomic processes in the kinetics of the upper level of line 2. The “populationxrate”
values are the measure of influence of a particular atomic process on the population of the
Is 25 °S; level. The fact that several feeding channels are of comparable importance and that
the direct excitation from the ground state is not even the most dominant among them
illustrates the cntical importance of considering complex cascade effect patterns. Hereby
presented magnetic-sublevel kinetic modeling addresses these issues by definition. This is an
improvement with respect to previous efforts that start with a “2-level” type modeling and

add cascades on a case-by-case basis.

153p P, 2610 025
. 9 x 1012
P=+030 ‘ ,
1s 2p P, 8.5 104 012 _______
1 x10°
P=+029 '
1s 2p *P, 46x10® 014 _______
3 = 108
P=0 R
15 25 7S, y 33 A0
3 x 0.066 = 0.20 . 102%“* 2
(isotropic) "
1:2's, _| o k20
rate, polarization population  population x rate

Fig. 1. Dominant feeding channels for upper level of line z (1s 25 'S;) at 8.0 keV.
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IV. Polarized Ly-« satellite emissions from laser-produced Si plasmas

In an effort to produce a realistic modeling study, in this éase the magnetic-sublevel
atomic kinetics computation is fed with temperature and density time histories from a
hydrodynamic simulations of laser-produced plasma (code FILM), and electron beam
generation due to laser-plasma interaction calculated with an electron kinetics model and
code (EUTERPE). Both isotropic and anisotropic atomic processes are considered in
POLAR and hence the creation of alignment in the plasma will result from the competition of
alignment creating and destructing processes.

Our calculations of He-like Si X-ray polarization-dependent spectra are based on a
suite of codes run in succession according to the scheme in Fig. 2. The laser pulse intensity
is a variable input parameter. FILM is a 1-D Lagrangian hydrocode that simulates the ovefall
target behavior as it is heated by the laser. The energy distribution of the electron beam is
obtained from a 1 and % particle-in-cetl code EUTERPE that models the production of a
beam of energetic electrons by the laser-target interaction [16,17]. In our model we account
for both groups of electrons by splitting the electron pool of density N, (calculated by FILM)
into a thermal (Maxwellian) part fyaxw(Te,E) of density (1-a)N, and a beam part described by
a time-dependent energy distribution fa(E) and density aN.. The fraction of non-thermal
electrons « (0 < a<1) is a constant free parameter in our model and we tested several o
values that produced the expected rise of polarization with increasing a and vanishing
polarization for  =0. Having obtained the electron kinetics characteristics from FILM and
EUTERPE we then calculate the overall ionization balance using the M3R code. M3R is a
comprehensive atomic kinetics code [18] that calculates the time-dependent populations of
514 LS-terms ranging from Ne-like Si to the fully stripped ion. The time histories of He and
H-like ions’ ground state populations calculated with M3R serve as input for POLAR, a
detailed time-dependent collisional-radiative ‘magnetic-sublevel atomic kinetics code.
Databases of atomic data needed for M3R and POLAR were constructed using the Los
Alamos suite of codes [9-11] and the UCL code [19]. POLAR then calculates the time-
dependent magnetic sublevel populations in the He-like ion, which are then converted to time
histories of polarization-dependent line intensitics through Eq. 1. This procedure is repeated
for several fluid elements at various depths in the target. An example of time- and space-
integrated polarization-dependent spectrum is shown in Fig. 3. The collection of triplet lines
in the center remains unpolarized while the two singlet lines develop a noticeable
polarization effect. This result suggests that polarized singlet lines could be useful as

markers of plasma anisotropy while the triplets could serve as unpolarized reference.
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V. Conclusions

We presented an overview of a magnetic-sublevel atomic kinetics model and code
POLAR aimed at modeling of polarized line emissions. We showed how our model
predictions compare with previous calculations based on density-matrix formalisms and
Electron Beam lon Trap (EBIT) experiments performed at Lawrence Livermore National
I.aboratory (LLNL). We addressed the importance of cascade effects on polarized X-ray line
emissions by studying the polarized K-shell emission in He-like Fe. With POLAR we find
that alignment transfer can indeed significantly alter polarization of certain lines. It is
therefore important to move beyond “two-level” models that have been considered in most
previous work in this area. With the foundation and validation of the POLAR model we
constructed a fully time-dependent version of POLAR and performéd a comprehensive
modeling study of polarized He-like Si satellite line emissions driven by femtosecond-
duration lasers [20]. We observe that the He-like Si satellite lines of interest fall into two
groups. Two lines connecting singlet states develop a noticeable polarization while the
triplet lines remain unpolarized. This results from the competition between anisotropic
procésses driven by beam electrons versus the depolarizing influence of isotropic processes
driven by thermal electrons. We conclude that the triplets could be used as unpolarized

reference while the singlets show potential as polarized markers of plasma anisotropy.
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X-ray Polarization Measurements at Relativistic Laser Intensities
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An efort has been started to measure the short pulse laser absorption and energy partition at
relativistic laser intensities up to 10%* W/cm?. Plasma polarization spectroscopy is expected to play
an important role in determining fast electron generation and measuring the electron distribution
function.

I. INTRODUCTION

Plasma polarization spectroscopy (PPS) has been employed to verify and study the existence of non-thermal, fast
electrons in laser-plasma interaction since the first experiments by Kieffer et ol. [1-3]. The laser intensity in these
measurements hias been in the range 1014 — 10'® W /cm?, Measurements of laser absorption at higher intensities < 108
W /cm? have been made [4] but without employing x-ray polarimetry. Theoretical studies of fast-electron gencration
and their effect on the x-ray linear polarization have been made [5,6], which considered laser intensities as high as
10'8 W/em®.

Here we describe a planned effort to use PPS as a diagnostic for determining fast electron generation and energy
partition of short pulse lasers interacting with matter at relativistic laser intensities up to 10% W /em?.

II. PHYSICS LASERS AT LLNL

The Physics and Advanced Technologies Directorate at the University of California Lawrence Livermore National
Laboratory operates four powerful multi-purpose laser facilities used for experiments in high-energy density physics,
x-ray laser development, and material science. These facilities are used in collaborative experiments with many
non-LLNL user, and new collaborations are always welcome. In fact, the planned PPS experiment respresents a
collaboration hetween LLNL and the University of Nevada in Reno.

The first of these lasers is the Compact Multipulse Terawatt {COMET) laser operating at 1.054 pm. A schematic
of the facility is shown in Fig. 1. The laser consists of a Ti:sapphire oscillator with glass amplifiers that can generate
and probe plasmas with up to four beams. One or two long pulse beams (At = 600 ps) with 15 and 4 J, respectively,
arc available together with two or three short pulse beams (At = 500 fs) with 1 or 7.5 J. One of the short pulse beams
is equipped for operation frequency doubled or tripled laser light. A summary of the parameters of the COMET laser
is given in Table L.

The COMET laser has been used mainly for developing efficient x-ray laser schemes [7,8]. The nuulti-pulse capability
has been used to generate an additional plasma on a slab that in turn is probed with the x-ray laser pulse generated
by the other COMET laser beams {9).

TABLE 1. Paramcters of the COMET laser.

Beam type Energy Pulse Length
(5 {ps)
Long pulse 15 600
Short pulse 7.5 0.5
Beain 3 } 0.5
Beam 3 4 600
Probe beam 0.5°

At 2w or 3w emission, i.e., 527 mu and 351 nin, respectively.
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FIG. 1. Schematic of the COMET laser.

The second of the physics lasers is the Ultra Short Pulse (USP) laser, shown schematically in Fig. 2. USP is a
Ti:Sapphire laser operating either at 800 nm with an energy of 1 .} or at 400 nm with an energy of 0.35 J. The pulsc
width of the USP laser is > 80 fs; the spot size is less than three times the diffraction limit, i.e., about 1-2 gm at 400
nm (about 3 pm at 800 nm). As a result, USP has an intensity as high as 5 x 10" W/em®. The contrast between
prepulse and main pulse is 10* at Lw and 107 at 2w. Short pulse laser energy of 100-120 mJ is available at 10 Hz
repetition rate and at about 20/hour at higher energies. A summary of the parameters of the USP laser is given in

Table H.

TABLE II. Parameters of the USP laser.

Wavelength Energy Pulse Length Spot Size
{nm) (1 (Is) pim
800 1 > 80 3
400 0.35 > 80 1-2

Cuwrrewntly, the USP laser is being used for atomic physics studies of hot, high-density plasma [10] and equation of
state related conductivity studics of warm-dense matter [11,12]
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FIG. 2. Schematic of the USP laser.

The third laser is the Janus laser, which is shown schematically in Fig. 3. This facility has been operating since
the early 1970s when it was comrnissioned for studics of inertial confinement fusion (ICF). Janus is a two-beam laser
{henee its name), providing 300 J per beam on target. When the primary ICF studies on Janus were replaced with
studies on the Argus laser and later on the Shiva and Nova lasers, the emphasis of the Janus facility was shifted to
ICF support studies and ICF diagnostics development. It has also been used for x-ray laser studies [13]. Like these
subsequent lasers, Janus can operate at 1064 nn as well as the double and triple frequency, as snmmarized in Table
[II. The pulse width can be varied from 100 ps to greater than 6 ns. Beam smoothing was added in 1999, The spot
size is 17 pum, and up to three shots per hour can be accomodated. An upgrade to 1000 J per beam is currently under
way.

TARBLE 111. Parameters of the Janus laser.

Parameter Value
Wavcelength 1064 nm. 532 nm, 366 mn
Energy 300 J at 1064 nm
Pulse width 0.1--Gns
Spot size 17 m
Repetition rafe at rod shot energies (2-20 .J) 20+ shots per hour
Repetition rate at maximum encrgy 2 per hour
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An importait ifeature is that one of the Janus beams (at 532 nin) can be used to pump a second ultra short pulse
anus has been dubbed JanUSP [14]. A schematic of JanUSP is shown

laser. The ultra short pulse laser pumped by J
in Fig. 4.

FIG. 3. Schematic of the Janus laser.

TABLE IV, Parameters of the Junus-pumped ultra short pulse laser JanUSP,

Parameter Value
Wavelength 800 nm
Energy 15 J
Pulse width >80fs
Spot size <3 pm

10 H=

Repetition rate in low-power mode {300 mJJ)
Repetition rate at maximum cuergy

2 per hour
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Like USP, JanUST is a Ti:Sapphire laser. But being pumped by Janus it can reach energies of 15 1 at 800 nin and
high peak power in excess of 150 TW. The focussing spot of JanUSP is two times the diffraction limit (< 3pm), which
is better than that of the USP laser; the pulse width is about the same at > 80 fs. As a result of these operating
parameters the JanUSP laser can focus up to 102" W/em? on target. The contrast between the prepulse and the
main pulse is in the range of 10° and may be improved by implementing a frequency doubling crystal. The repetition
rate is 2 shots per hour. Parameters of the JanUSP laser are given in Table [V.

JanUSP can also be operated in a low-energy mode with 300 mJ per shot at a tepetition rate of 10 Hz. This
capability is currently being used to develop high repetition rate x-ray laser schemes [15].

5-Pa§s Bowtle
Amplifier

Final Ti:Sapphire

High Intensity - Disk Amptifiers

X-ray generation

532 nm Pump Beam ——»%
from Janus

FIG. 4. Schematic of the JanUSP laser.

JanUSP has been used for beam generation experiments. [n particular, it has been used for energy partition and
v-ray Leam generation experiments [16,17]. About one to two percent of the laser cnergy can be converted into a
proton beam emanating from the back surface of a thin {10-20 pm) aluminum foil propagating at energies up to 20-25
MeV [16]. Detection of the proton beam was by radiochromatic film,

Electron beamn generation from the back (and front) side of foil targets has also been observed [18]. For this an
electron spectrometer was built utilizing permanent magnets for cnergy analysis and a charge couple device caniera
for read out that can measure electrons with energies between 100 keV and 60 MeV [18]. It is possible that up to half
of the total laser energy is converted to fast electrons at the high intensities possible with JanUSP.
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III. PLANNED EXPERIMENTS

Laser absorption at intensities close to 10'® W/cm? was studied by Price et al. employing the USP laser {4]. They
showed that absorption by inverse bremsstrahlung is replaced by relativistic J x B heating at a laser intensity near
1017 W/cm?. As the intensity is increased further additional absorption mechanisms may play an important role such
as ion shock formation and vacuum {Brunel) heating. Moreover, there is a relativistic increase in the electron’s mass
making the electron response to the oscillating laser field more sluggish and thus allowing the laser to penetrate deeper
by increasing the critical density. The pondermotive pressure will steepen the density profile above the target surface
and thus will affcct the electron and ion transport. Also, ultra-high electric and magnetic fields can be generated that
change the absorption at very high intensities. The magnetic field may reach values as high as 3 gigagauss; the electric
field may reach values of 10'? V/cm. The interplay of all of these processes has not been systematically studied at
high laser intensities, but it needs to be known as petawatt lasers are being put in use for physics studies.

We are planning to study laser absorption in a sytematic and controlled way, and PPS will play an important role.
X-ray emission measurements are planned to determine the relative fraction of the hot electron component relative
to the thermal component. These will involve studies of K-alpha generation by fast electrons as a function of plasma
density. The experimental scheme to perform such experiments is shown in Fig. 5.

) Detector

Thick Si

S

K-alpha Thin Al

K-shell emission

FIG. 5. Schematic of the setup to measure the K-alpha emission of silicon produced by fast electrons from the laser-heated
aluminum target.

Morcover, time-dependent measurements of the x-ray emission are planned that are sensitive to the collisional
dynamics of thermal and hot electrons, as shown schematically in Fig. 6. For such measurements fast streak cameras
are needed. We have developed x-ray cameras with 500 fs time resolution [19]. These measurements will also resolve
the polarization of the x-ray lines by operating our cylindrically bent crystal spectrometers near the Brewster angle.
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FIG. 6. Schematic of the setup to measurc the x-ray spectra using high-resolution von Héamos-type crystal spectrometers
and fast streak cameras.
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Abstract

Plasma polarization spectroscopy work done by our group since the 3™ US-Japan PPS
Workshop 1s overviewed. Theoretically, the polarization dependence on various electron distribution
functions for He-like, Ne-like, and Ni-like x-ray transitions for a wide range of Z has been
investigated. In particular, this study was focused on the polarization dependence for monoenergetic
and steep electron distribution functions. The diagnostically important spectral lines and features of
K-, L-, and M-shell ions were identified which can be used in x-ray spectropolarimetry of plasma.
importance of polarization-sensitive LLNL Electron Beam lon Trap data is emphasized. The results
of the UNR polarization-sensitive Ti and Mo x-pinch experiments are discussed.

L Introduction: overview of our polarization spectroscopy work done since the
3" US-Japan PPS Workshop

The results of theorctical and experimental studies of anisotropic plasma sources such as x-
pinch plasmas were reported in [1]. They are based on x-ray line spectropolarimetry, a powerful new
tool for investigating anisotropy of high-temperature plasmas. This new diagnostic involves
spectroscopic monitoring and modeling of polarization-sensitive x-ray line spectra recorded
simultaneously by two spectrometers with different sensitivities to polarization. The difference in
these polarization-sensitive spectra indicate polarization of lines caused by anisotropic electron
beams and can be used to diagnose the parameters of such beams in plasmas.

Theoretically, the polarization dependence on various electron distribution functions for He-
like, Ne-like, and Ni-like x-ray transitions for a wide range of Z has been investigated [2]. The
degree of polarization by a monoenergetic electron beam was calculated for all lines using the newly
developed, relativistic, multiconfigurational atomic package by M.F. Gu [3]. In particular, this study
was focused on the polarization dependence for monoenergetic and steep electron distribution
functions. A variety of features was discussed and illustrated such as the polarization dependence on
Z, maximum positive and negative polarization near the threshold energy, and zero polarization
crossings. The effects of polarization influenced by varying the values of electron temperature,
fraction of hot electrons and its cutoff energy was studied. The diagnostically important spectral
lines and features of K-, L-, and M-shell ions were identified and discussed. This work provided the
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best candidates for x-ray spectropolarimetry of high-temperature plasmas with multiply charged ions
in a very broad range of the nuclear charge Z from 10 (Ne) up to 79 (Au) {2].

Generation of electron beams in x-pinch plasmas was studied in detail and pelarization of
soft x-ray radiation was considered along with anisotropy of hard x-rays [4]. The results of Ti and
Mo x-pinch polarization-sensitive experiments at UNR were overviewed [1]. In particular, the
spectroscopic results from seven Ti and four Mo x-pinch shots were analyzed. Polarization-sensitive
spectra from Ti x-pinches were also compared with the similar spectra generated by a quasi-
Maxwellian electron beam at the LLNL EBIT-II electron beam ion trap [5]. The analysis of
polarization-sensitive x-pinch experiments indicated x-ray line polarization in two Ti and three Mo
x-pinch shots.

In general, x-ray line polarization is sensitive not only to the electron distribution function
but also to the magnetic field. The magnetic fields in x-pinches were recently estimated to be of the
order up to few thousands of tesla but were not measured yet. The possibility of using x-ray
spectropolarimetry for measurements of magnetic field in dense hot x-pinch plasma was explored.
The design of the new x-ray spectropolarimetry experiments involving the measurements of the
magnetic fields was discussed. The standard two spectrometer technique was overviewed and in
addition the new three spectrometer measurements were proposed [6-8].

I1. Theoretical Study of the Influence of Electron Distribution Functions on X-
ray Line Polarization in Plasmas

In laboratory and astrophysical plasmas, the electron distribution function (EDF) may differ
from the isotropic Maxwellian distribution, due to the presence, for example, of electron beams.
This will lead to the addition of a hot electron component that may be described by Gaussian (almost
monoenergetic) or steep electron distribution functions. Although most of the electrons in the
plasma may follow the Maxwellian distribution, the contribution of the hot electrons is essential and
can affect the emission spectra and many other characteristics of the plasma. For example, beams of
hot electrons can lead to polarization of x-ray lines in plasmas. In this work, we theoretically studied
the polarization dependence on various electron distribution functions for He-like, Ne-like, and Ni-
like x-ray transitions for a wide range of Z. This study will focus on the polarization dependence for
monoenergetic and steep electron distribution functions. This work identifies and studies some of the
candidates for x-ray spectropolatimetry of high-temperature plasmas with multiply charged ions in a
very broad range of nuclear charge Z from 10 (Ne) up to 79 (Au).

In Fig. 1, polarization of the resonance w and intercombination y lines was calculated with a
monoenergetic EDF for a broad range of mid-Z elements from Ne (Z=10) up to Mo (Z=42). The
electron beam energies are given in threshold units which are listed in Fig. 1 for all considered ions.
Polarization of the resonance line w has a maximum at the threshold, then monotonically decreases
to zero and only slightly depends on the ion. On the contrary, polarization of the intercombination
line y strongly depends on the type of the ion and electron beam energy in particular for lower-Z
elements (from Ne to Ni). Specifically, polarization of y line has the minimum values at the
threshold (for example, less than —50% for Ne ion), which increases with Z. The maximum value of
polarization of y line also increases with Z (it is the largest for the element with the highest Z, for
Mo ion) and moves closer to the threshold as Z increases. For higher-Z clements and high electron
beam energies polarization of y line approaches polarization of w line.
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Fig. 1. Polarization of the resonance line w and intercombination line y of mid-Z ions (Z=10-42)
calculated with a monoenergetic EDF for different electron beam energies (in threshold units).
Threshold energies are given in Table on the right.

Figs. 2 and 3 illustrate the depolarization effect by a non-monoenergetic EDF, for example, a steep
EDF with a cutoff energy Ec and a power 7. Specifically, polarization of line w substantially
decreases with the increase of Ec, whereas it only slightly changes (increases) with increase of v.
This effect is almost independent from the type of the ion. On the contrary, with the increase of Ec
polarization of line y increases from negative values for lower-Z elements to positive values,
whereas polarization of higher-Z elements decreases. As a result, polarization of y line becomes less
dependent on the type of the ion as Ec increases from 1 to 3 (in threshold units). Polarization of y
line is almost independent from a power .
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Fig. 2. Polarization of the resonance line w calculated with a steep EDF for different values of a
cutoff energy Ec=1, 2.5, and 3 (in threshold units) and a power y=2-5.
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Fig. 3. Polarization of the intercombination line y calculated with a steep EDF for different values of
a cutoff energy Ec=1, 2.5, and 3 (in threshold units) and a power y=2-5.
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Fig. 4. Illustration of depolarization of the resonance line w by Maxwellian electrons in plasmas. P is
polarization in plasma with Maxwellian and non-Maxwellian, hot electrons; Phot is polarization in
plasma with only non-Maxwellian, hot electrons; and g is the ratio of the excitation rates of non-
Maxwellian and Maxwellian electrons.

Fig. 4 illustrates depolarization caused by Maxwellian electrons in plasmas. Line polarization
in plasmas strongly depends on the fraction of non-Maxwellian, hot electrons (with respect to the
total electron density). In general, the fraction of 3-5% is sufficient to observe line polarization of 5-
10% (assuming the maximum polarization more than 50%).

Figs. 5 and 6 show the results of calculations of polarization of Ne-like lines. In particular,
polarization of one of the most intense Ne-like lines, 3C line calculated in threshold units for ions
from Ne-like Ca (Z=20) up to Xe (Z=54) together with threshold energies for these ions are
presented in Fig. 5. Polarization of diagnostically important 3A-3F lines calculated for Mo ions is
given in Fig. 6. These results agree well with calculations by Zhang et al [9], which are listed up to
six thresholds and with the polarization of Ne-like Fe lines produced at the LLNL EBIT [10]. The
degree of polarization of 3C and 3D lines are close and smaller than for 3A, 3B, 3F, and 3G lines.
The 3C and 3D lines are mostly collisionally excited and in the first approximation we can use
present theoretical predictions whereas polarization of the other lines is affected by radiative
cascades and requires full kinetic modeling.
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Z 3c
Ca 20 401.90
0.50 - —Ca Ti Ti 22 92591
0.45 4 Cr 24 665.57
0.40 - F? 26 821.11
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) Zn 30 1180.90
2070 Ge | 32 | 13580
£ Se | ¥ | 180770
£ 0201 K| % | 184700
0.15 - Sr 38 210410
0.10 + r 40 2379.30
0.05 - Mo 42 | 2675.70
e @400 Re | 4 | 298580
6 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Pd 46 | 331810

Thresholds Cd 48 3670.40
Sn 50 | 404330
Te 52 | 4437.30
Xe 54 | 4853.20

Fig. 5. Polarization of Ne-like line 3C calculated with a monoenergetic EDF for different electron
beam energies (in threshold units). Threshold energies are given in Table on the right.
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Fig. 6. Polarization of Ne-like lines 3A-3F calculated with a monoenergetic EDF for different
electron beam energies (in threshold units). Threshold energies are given in a box on the right.
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[I1. X-ray spectropolarimetry in Ti and Mo x-pinch experiments

X-pinches produce a bright, small x-ray source with a well-defined location. They can yield
x-ray spectra from numerous ions with very high resolution. Currently, x-ray spectra of x-pinches
are collected and studied at different types of pulsed power machines, for example, at the 1 MA
pulsed power device at University of Nevada, Reno (UNR) [11]. A distinct feature of x-pinches is
the existence of plasma anisotropy in the form of strong electron beams, which makes them
attractive objects for spectropolarimetry. X-ray spectropolarimetry is a new diagnostic that can
provide detailed information about the electron distribution function in plasmas. This diagnostic is
based on spectroscopic monitoring of the plasma and modeling of the polarization-sensitive spectra.
Such spectra are simultaneously recorded by two crystals with different sensitivity to polarization.
The difference in line ratios from two simultaneously recorded spectra yields information on the
parameters of electron beams such as a f{raction of hot electrons and an energy cutoff. Polarization-
sensitive experiments were performed on the: 1 MA pulsed power Z-pinch device at the UNR
Nevada Terawatt Facility for Ti and Mo x-pinches (see for details [1]). The scheme of the x-pinch
experiments involving polarization-sensitive measurements is given below.

1. X-pinch load; 2. Horizontal space-resolved convex erystal spectrometer with a low resclution
time-integrated pinhole camera; 3. Collimated hard x-ray Si- diode; 4. (a) Side-on convex erystal
polarimeter; (b} End-on convex c¢rystal polarimeter; 5. Flat crystal time-gated spectrometer;

6. Hard x-ray detector {vutside vacuum chamber); 7. Time-gated pinhole camera;

8. High resolution pinhole camera; 9. PCD, XRD and Ni bolometer assembly;

1¢. Polychromator and transmission grating spectrometer assembly.

Fig. 7. The scheme of "x-pinch experiments involving polarization-sensitive measurements.

A planar-loop configuration was used for x-pinch loads (labeled 1 in Figure 7) in which the top and
the bottom wire loops were touching each other only at one central point. The polarization-
dependent spectra of K-shell line radiation from Ti x-pinches and L-shell line radiation from Mo x-
pinches were recorded by a polarimeter which includes so-called horizontal (H) and vertical (V)
spectrometers (labeled 4a in Figure 7). The “H* spectrometer has a dispersion plane perpendicular to
the discharge axis and records mostly the paraliel polarization state. The “V” spectrometer has a
dispersion plane parallel to the discharge axis and records mostly the perpendicular polanzation
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state. The crystals for Ti and Mo x-pinch measurements were selected to provide the value of a
nominal Bragg angle close to 45°, For Ti x-pinches, LiF (2d=4.027A) crystals were used with a
spacing corresponding to the nominal Bragg angle of 40° at the wavelength of 2.62 A (w line). For
Mo x-pinches, o-quartz (2d=6.687A) crystals with a spacing corresponding to the nominal Bragg
angle of 46° at the wavelength of 4.8 A (3D line) were employed.

Ti_results: Earlier, preliminary results of x-ray spectropolarimetry studies of Ti x-pinches at
UNR were presented in [12-13]. Recently, spectroscopic results from seven Ti x-pinch shots have
been analyzed [5]. Similar K-shell Ti polarization-dependent spectra generated by a quasi-
Maxwellian electron beam at the LLNL EBIT-II electron beam ion trap have been studied [5] and
compared with previous LLNL EBIT studies with a monoenergetic electron beam [14]. In [14], the
x-ray spectrum of He-like Ti was measured at the energy just above the electron-impact excitation
threshold (4800 eV). The measured intensities were collected by the spectrometers with a crystal
recording almost a pure parallel polarization state (I;) and a crystal recording a mixture of both
polarization states (12) [14]. In [5] we use the same technique to measure polarization-sensitive Ti
spectra generated by a quasi-Maxwellian electron beam which was set to model a quasi-Maxwellian
distribution function with Ty=2.3 keV in the energy range up to 11.85 keV (2.5 excitation
threshold). The measured intensities simultaneously recorded by the spectrometers with a Si (220}
crystal (almost a pure parallel polarization state, I3} and a Ge (111) crystal (mixture of both
polarization states, 1;) were 1=0.212, 1,=0.335 for z/w; [;=0.068, 1,=0.145 for x/w; and ;=0.113,
1,=0.153 for y/w. Theoretical modeling of He-like Ti lines with Gaussian and quasi-Maxwellian
electron distribution functions was performed to match less-sensitive to polarization data I, and I4.
The theory describes well the ratios and differences in spectra between monoenergetic and quasi-
Maxwellian beams, specifically the fact that the ratio z/w does not change, but the x/w ratio
decreases from 0.191 to 0.145 and the y/w ratio also decreases from 0.235 to 0.153. The comparison
of polarization-sensitive ratios I;/I; and 13/1, for the z, x, and y lines prove that: the ratio decreases for
the lines z and x and they become more negatively polarized and the ratio increases for the hine y,
which become more positively polarized. This agrees well with theoretical predictions.

Mo results: Modeling of experimental Mo x-pinch spectra together with the most intense and
diagnostically-important L-shell spectral features including the Ne-like lines (3A-3G) are shown in
Fig. 8. The results of this modeling was discussed in detail in [11]. Ne-like lines are the best
candidates for L-shell spectropolarimetry because only Ne-like lines are single lines and also
theoretical calculations predict strong polarization of lines 3C and 3D near the threshold. Resuits of
modeling presented in Fig. 8 indicate the presence of hot electrons with a fraction from 3 up to 7 %
which provides justification of using such Mo x-pinches for x-ray spectropolatimetry. The typical
polarization-sensitive spectra from Mo X-pinches are presented in Fig. 9. Analysis of four Mo X-
pinch shots shows that the H and V traces are different for shots 91, 92, and 93 and are almost
identical for the shot 97. The intensities associated with ditferent polarization states I71/1 | for each
of the spectral lines (3A, 3B, Fl, 3C, and 3D) and the line ratios of the satellite lines to their
resonance lines (Na2/3C) from the horizontal and vertical spectra have been analyzed. In this
analysis, we used theoretical predictions discussed in a previous section. Experimental values of
I[I/1 L for the line ratio 3D/ 3C was found to be close to 1 for all shots, which indicates the same
polarization for the 3C and 3D lines and agrees well with theory. Experimental values of 11}/ for
other lines are greater than 1, which gives a positive polarization compared to resonance lines using
the two spectrometer technique. Analysis of four Mo x-pinch shots indicates polarization of x-ray L-
shell lines was significant in three shots (91, 92, and 93) and was not significant in the shot 97.
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Fig. 8. Experimental spectra (gray lines) from Mo x-pinches of various wire diameters fit with
modeled spectra (black lines). (a) 62 wm wire pinch and the modeled spectrum has 7% hot electrons,
Te = 850eV, and ne = 2. 1x10° em™. (b) 50 mm wire pinch and the modeled spectrum has 4.5% hot
electrons, Te = 850eV, and ne = 5x10" em”. (c) 24 mm wire pinch and the modeled spectrum has
3% hot electrons, Te = 825eV, and ne = 2x10%em”.
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Fig. 9. X-ray polarization-sensitive spectra from a Mo X-pinch recorded by H (blue lines) and V
(green lines) spectrometers.
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Abstract
A 3-D volume radiator such as laser-produced plasma (LPP) plumes is observed in the
form of a 2-D projection of its radiative structure. The traditional approach to 3-D
structure reconstruction relies on multiple projections but is not suitable as a general
method for unsteady radiating objects. We have déveloped a general method for 3-D
structure reconstruction for LPP plumes in stages of increasing complexity. We have
chosen neutral gas-confined LPP plumes from an aluminum target immersed in high-
density argon because the plasma experiences Rayleigh-Taylor instability. We make use
- of two time-resolved, mutually orthogonal side views of a LPP plume and a front-view
snapshot. No symmetry assumptions are needed. Two scaling relations are invoked that
connects the plasma temperature and pressure to local specific intensity at selected
wavelength(s). Two mutually-orthogonal lateral luminosity views of the plume at each
known distance from the target surface are compared with those computed from the trial
specific intensity profiles and the scaling relations. The luminosity error signals are
minimized to find the structure. The front-view snapshot is used to select the initial trial
profile and as a weighting function for allocation of the error signal into corrections for
specific intensities from the plasma cells along the line of sight. Full Saha equilibrium
for multiple stages of ionization is treated, together with the self-absorption, in the
computation of the luminosity. We show the necessary optics for determination of local
electric fields through polarization-resolved imaging.

1. Introduction

A 3-D volume radiator such as laser-produced plasma (LPP) plumes is observed in the

form of a 2-D projection of its radiative structure. The traditional approach to 3-D structure
reconstruction relies on multiple 2-D projections [ 1] but is not suitable as a general method for
structure analysis of unsteady volume radiators. A dramatic example of such unsteady radiators
is a LPP plume confined in a dense neutral gas. The interface between the neutral gas and the
LPP plume can become Rayleigh-Taylor unstable when the mass density disparity between the
two media reaches a threshold condition at higher neutral gas densities. The consequences are
irregular growths of the plume over time with the attendant loss of shot-to-shot reproducibility
and the development of local electric fields due to resultant charge separation within the plasma

plume.

There are two goals in this investigation. The first goal i1s to demonstrate the practicality

and robustness of a newly developed algorithm for reconstruction of the 3-D structure of an
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arbitrary LPP plume as a general method. Here, the structure is given in terms of the local
specific emission intensity as radiated from individual plasma elements. The second is to map
out the local electric fields by further resolving the state of polarization of the local plasma
emissions.

Qur approach to the goals follows the strategy of incorporating into the analysis
increasing complexity in stages: a) axisymmetric LPP plumes with self-absorption; [2] b) non-
symmetric but non-self absorbing L.PP plumes; [3] and c) non-symmetric self-absorbing LPP
plumes. We have now focussed on neutral gas-confined LPP plumes from an aluminum target
immersed in high-density argon. This is because as the argon density is increased the aluminum
LPP plume to argon interface becomes unstable due to emergent Rayleigh-Taylor instability.
The resulting plasma plume evolves into a complex volume radiator, and this serves our interest
in 3-D volume radiators of arbitrary structure as the majority of naturally occurring plasmas is.
Such plasmas accommodate the goal of formulating a general method for determining the
distribution of local electric fields as well.

2. Imaging by Luminosity Streaks

We present two scenarios of LPP plumes, one generated in vacuum and another confined
in a dense neutral gas medium. These two cases are similar int that there exists significant self-
absorption of plasma emissions in either type of plasma plumes. But they are different in that in
the presence of confinement by a dense neutral gas the advancing interface of the plume suffers
Rayleigh-Taylor instability, and the plasma loses its axial symmetry. We will first describe the
procedure for structure reconstruction for axially symmetric LPP plumes, and then address the
general case of LPP plumes without any simplifying symmetry properties..

A. Axisymmetric self-absorbing LPP plumes

QOur approach for the structure reconstruction is built on two time-resolved, mutually
orthogonal side views of a LPP plume and a front-view snapshot at an early moment. In one
implementation, multiple sets of mutually orthogonal, lateral-view luminosity streaks are
acquired, each set taken at different distances from the target surface. The front-view snapshot
of the LPP plume is also taken once shortly after the onset of the LPP plume. No symmetry
assumptions are needed for the full algorithm but we illustrate the important issues at hand by
first considering the case of axisymmetric LPP plume. Figure ] shows a breakdown of the

H X

Figure |. Coaxial shell scheme for an axisymmetric
plasma plume for the calculation of plasma luminosity.

plume into N radial shells of uniform spacing about its axis of symmetry at constant thickness.
This shell is imaged along the x-axis as a function of distance along the y-axis, where the axis of
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symmetry lies along the z-axis. For the outermost N'™ shell, the measured luminosity, Ly, is a
result of emissions from a plasma element of path length /,. For this case, we are able to write
out the luminosity in terms of the specific emission intensity of the plasma, Iy, and the plasma
absorption coefficient, kx, according to the solution of the equation of radiative transfer: [4]

i
L, =k—‘v_(l—e_k"'l') ()
L
The measured luminosity at the next pixel of the imaging detector contains contributions from
three different plasma elements along the line of sight. Starting from the leftmost end of the line
of sight, the luminosity emerging from the plasma element of path length /3 must suffer
attenuation in two other plasma elements to the right, one with path length /; and the other with
path length 5. Notice that the absorption propertics of the leftmost and rightmost elements are
the same. The center element has its own specific intensity /yv.; and absorption coefficient ky.;,
and its luminosity suffers attenuation by the rightmost element before reaching the luminosity
detector. Finally, the contribution from the rightmost element completes the luminosity, Ly.;.
The full expression for the luminosity is given in eq. (2) below:

I, : , ' .
Ly, = ~ - e tvh ¥ - g fn-i2 )1 - e kel )+ ,{,!Y,;,l_(l — g hwah )i - e—é""’ )+ _]I_V(l — et )
N . i ' Ky

(2)

The significant aspect of this line of development is that each succeeding luminosity
expression contains as unknown onty one shell’s specific intensity and absorption coefficient; the
rest have been determined from the luminosity relations of all preceding shells. The path lengths
for successive plasma elements are found from the geometry of the shell scheme. Once all
specific intensity values are found, we have reconstructed the full structure of the plasma, which
is axially symmetric in this illustration. The large question is then: how does one find the self-
absorption coefficient in each succeeding new plasma segment? We resolve the question by
invoking two scaling relations, one which connects the local plasma temperature to the specific
intensity and the other which ties the plasma pressure to the specific intensity:

T=CI° 3)

p=C,1"" (4)

Here we have made use of the fact that the luminosity spectrum is a continuum for a dense LPP
plume from an aluminum target at early times, and the specific emission intensity also has a
continuum spectrum. The scaling exponents & and £ and the scaling constants Crand C,, are
undetermined constants, which can be determined after full structure reconstruction has been
completed. We will return to this point later. ‘

Eq. (1) may now be solved self consistently to find /y. We begin by choosing a set of
values for a, f Crand C,, and guessing a value for /y, which assigns values for Tand p. Itis
noted here that the plasma of interest here has high densities such that the mean collision time is
of the order of 10 fs while the plasma evolves over nanosecond time scale. This means that the
plasma is in a state of local thermal equilibrium and the populations of different species are
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specified by Saha equations. [4] There are altogether 13 stages of ionization for aluminum, and
the respective Saha equations may be written out by using the electron pressure, p., as follows:

a, (] - az) - sz(zﬁm-kT)yz (q')‘u*
(1) p_hJ (g.)u

)

a,  UTQRamATY" (4,
(I-e3) e (9. )z

where for the first stage of ionization, for example,

(Q.)AH - (q,)"m o FuttT
@)e @) 4

(qq)oﬂ e the'E«”r (6)

i=0
_(Z+De’
Pp

AfP

Here a4, @z, ...ay; are the degrees of ionization for the thirteen stages of ionization, respectively.
(q.) s+ denotes the single-particle canonical partition function of an ith ion for electronic degrees
of freedom, and (g.)° 1+ denotes its value evaluated with the zero of the energy fixed at the
ground state of the i ion of aluminum. /P’ 4 is the ionization potential of the neutral aluminum
atom which is corrected for its lowering of the continuum edge, AP, due to merging of the
bound states by the Stark effect. g, is the plasma Debye length, and Z is the charge number of
the ion in question. m,, k and & are the clectron mass, Boltzmann constant and Planck’s constant,
respectively, ,

The Saha equations are solved self consistently by using the electron pressure, p., as a
floating parameter, knowing that p, is related to the plasma pressure, p, by

zZ ‘
(1+2) (7)

pP.=pP

Here the mean charge number is determined from the degrees of ionization as follows:

Z=0 +a0, +taa,0, + +a,a,a, 0,0, (3)

We start with a trial value for p,, set AIP to zero and solve for a;'s. Then we calculate p, using
the solutions of the Saha equations, and it is compared with the trial value for p,. This is
continued until the initial and final values of p, are brought to agreement within a preset error
range. '

The self-absorption coefficient is then calculated from the imaginary part of the plasma
index of refraction: [5]

1| o Y (v. o YV ( o 7
FPYNLIN By [ PR Y . iy o (9)
"R T, ! T, ., ! T ~

2 @ +uo, ® @tV @+,
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where

n Zr¥%e" 10
a (kT)3I2 melllzﬂly(z) 1( )
(11)
= kT p
Z P el 2]
nZ)x kT ( Ze! J

A and @, are the Coulomb length and plasma frequency, respectively. The absorption coefficient
at frequency @is given by k = n; w /c. c is the speed of light in a vacuum.

We can now return to eq. (1) and solve for /y and then to eq. (2) to solve for Iy, and so
on. When the structure reconstruction has been carried out for all other sections of the plasma,
we obtain the entire plasma structure in terms of the specific emission intensity. The structure in
terms of plasma pressure and temperature follows according to egs. (3) and (4). This makes it
possible to compute the total mass and energy contained in the plasma plume and the attenuation
of an external beam transmitted through the plasma, all at a given time. Once the process has
been carried out for all times, we can find the plasma mass as a function of time. When the
masses are all added together, we have at hand the total mass ablated from the target surface.
The total energy within the plasma can be similarly calculated. The energy in the plasma can be
added up. When the radiative losses and the energy expended in heating, melting and
evaporation of the ablated matter are combined, we have the total energy in the laser pulse which
has been actually coupled into generating the LPP plume. This is now ready to be compared
with the measured energy. It is also possible to compute the attenuation coefficient of the LPP
plume for an external beam of light that is transmitted through the plasma, this beam attenuation
coefficient is also measurable.

A composite error can be constructed by comparing the measurements with calculations
for each set of selected values for ¢, B, Crand C,. Minimization of the composite error
constitutes not only a calibration of the luminosity detectors but also an assignment of the
absolute values for the scaling exponents, & and £, and scaling constants, Crand C,. A
demonstration of the structure reconstruction algorithm has been carried out for a LPP plume of
aluminum generated in a vacuum, [2]

B. Nen-symmetric self absorbing LPP plumes

For LPP plumes that lack axial symmetry, reconstruction of the structure of a 2-D section
of the plume remains a 2-D problem. An x-y section of the plume contains N? pixels whose
specific intensities need to be found, whereas two mutually-orthogonal, time-resolved lateral-
view luminosity images of the section provides only 2 N luminosity values. These are not
sufficient to find a unique solution for the cross-sectional structure of the plume. To facilitate
the search for a unique structure, we have incorporated a front-view snapshot along the laser
beam axis of the plume at an early instant. Notice that the plume grows out of the target surface
as a result of the interaction of the laser pulse with the surface. This adds N2 new constraints to
the problem at one carly instant of time. A breakdown of the luminosity field in relationship to
the plasma structure is given in Fig. 2. The front-view snapshot at time t, is shown in the form of
constant luminosity contours. Each luminosity value is indicated decomposed into its s- and p-
polarization components. For the moment, we ignore the polanzation aspect of the problem; the
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sum of the two polarization-resolved components gives the full luminosity along the line of
sight, terminating at one detector pixel.

Top Lateral-View Luminosity
me.s(j;z,t) & L(np..p(j;zvt)

Nl
Weighting |-
Function -
W(i,j; Z)to) .

Side Lateral-View Luminaosity
Liiges(i52,8) & Ligye o{izz,t)

Figure 2. A scheme for plasma cells of an asymmetric LPP plume is shown for the
calculation of plasma tuminosity. Polarization-resolved lateral-view luminosity images are
shown for both s- and p-polarization. Contributions from the plasma cells along a line of
sight {broken line) define the luminosity recorded at a detector position (filled circle) at time
t. The contour plots indicate the weight function formulated using a front-view snapshot.

In Fig. 3 we demonstrate the effect of self-absorption on luminosity and the degree to
which the confinement of the LPP plume by argon at high density modifies the evolution of the
LPP plume. The total lateral-view luminosity is shown for each of the two lateral-view
directions as a function of time. In the absence of self-absorption, the two displays of total
luminosity must coincide. A set of two runs is shown for each of two neutral argon pressures,
one atm and 50 atm. They clearly demonstrate the existence of self-absorption; the total
luminosity plots along: two mutually orthogonal directions deviate from each other as the plume
heats up. The discrepancy grows larger as the plume is confined more tightly at increasing
neutral gas density. In addition, as the neutral gas density is increased, the discrepancy becomes
increasingly less reproducible from a run to the next, as manifestations of Rayleigh-Taylor
instability. ‘ _ :

The structure reconstruction starts by proposing a trial 2-D distribution of specific
emission intensity, Jymsma (i, /. }o for a section of the plume at a given distance in z from the
aluminum target. The luminosity is calculated along a given line of sight, such as the one shown
by a broken line in Fig. 2. The plasma pressure and temperature are obtained for each of the
cells along the line of sight by using the scaling relations of eqs. (3) and (4). Equilibrium Saha
calculations are carried out, and a temporary value of the luminosity, tempL,,.(i, t) or tempL e(j.
£), is calculated. Comparison with the measured luminosity for the same line of sight generates
an error signal. It is here that we make use of the front-view snapshot in deciding how to
allocate the luminosity error into corrections to the specific intensities in the cells along the line
of sight. The weighting function is obtained by sctting the global sum of the pixel values of the
front-view image to unity. To find the fractions of the luminosity error to be assigned to
individual line-of-sight cells, the values of the weighting function along the given line of sight is
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first normalized. The product of the luminosity error and the value of the line-of-sight
normalized weighting function for the cell give the correction to the luminosity emerging from a

a Aluminum in Argon Aluminum in Argon
= @1 atm — Run #1 @1 atm — Run #2
[~

£2 . .

g 8| Side Lateyal-View iy

e LN

N B ;

I E ~Latergl-View

- = e

30 |

0= [

s

S

Aluminum in Argon Aluminum in Argon
@50 atm — Run #1 @50 atm — Run #2

Top Lateral-View

Side Lateral-Vaew e

(arbitrary scale)

Integrated Luminosity

0.0 0.5 1.0 0.0 0.5 1.0
Time, us Time, us

Figure 3. The total luminosity versus time plots from two mutually-orthogonal lateral-view

streaks are shown for two different sets of LPP runs: a pair of runs from an aluminum target

in 1 atm argon and another pair in 50 atm argon. These show direction dependence,

indicative of significant self-absorption, and demonstrate a loss of shot-to-shot
reproducibility due to intensifying Rayleigh-Taylor instability at higher neutral gas density.

plasma cell. The correction to the specific intensity of each plasma cell is found by solving

eq. (1), which is written out for the luminosity correction for the cell. The corrected specific
mtensity for cell at position (7, ;) is obtained when the intensity, /,imma (7. j, 1), 1s corrected twice,
once each for the two intersecting lines of sight:

T pornalls 1) = L6, 1,0 —%{rem% 1) - LaOWG. 50 (12)
e 030 F 30~ s oLy ()~ L G5 (1)

Here, tempL;, (i, t) and Ligp (7, t) denote the calculated luminosity and the measured luminosity
along the y-axis line of sight at i, respectively. Similarly, fempLs;z. (j, t) and Ly (j, t) are those
along the x-axis line of sight at j, respectively. W(i, j, t) denotes the weighting function that has
bee normalized along the y-axis line of sight, whereas  W;(i, j, ) is the one normalized along
the x-axis line of sight. A/ denotes the distance between the cells. Notice that the plasma
absorption coefficient of the cell must be found by solving the Saha equations self consistently.
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The luminosity is calculated from the full Z,.mq (7, 7, #) distribution for all 7 and j values and
compared with the measured luminosity values to find the error signal.

The process 1s continued until the error signal is minimized. This concludes the structure
reconstruction at time . The luminosity data are updated and the structure reconstruction is
advanced to the next time step, # +4¢, using the specific intensity distribution Zyjume (i, J, 7), both
as the new weighting function and the initial trial distribution. Figure 4 shows a reconstructed
structure of a LPP plume from an aluminum target in argon at 20 atm at the laboratory time of
355 ns from the start of the laser pulse.

Figure 4. The reconstructed structure is shown for a section of the LPP plume, 0.5
mm from the surface of an aluminum target in 20 atm argon, at 355 ns from the
start of the laser pulse. The structure is represented in terms of specific plasma
emission intensity as a function of cross-sectional position given in detector pixels.
Each detector pixel corresponds to a 60.4 um square in laboratory.

~

3. Lateral-View Imaging at Multiple Times

The discussions in the preceding section apply to plasma structure reconstruction based
on full lateral-view images, instead of the luminosity streaks. Two mutually orthogonal lateral-
view images of a LPP plume may be taken at discrete time intervals. An imaging detector is
needed to capture a set of lateral-view images at each selected time interval. If polarization-
resolved imaging is desired, the number of detectors may have to be doubled in number. Figure
5 shows the optical arrangement suitable for polarization resolved imaging. The setup for
capturing one of the needed two lateral-view images is shown. To round out the completeness of
the luminosity data, a front-view snapshot of the LPP plume must be taken at an early moment of
the plume’s evolution.

The local E-field is deduced from the measured degree of polarization. For an electric
dipole in an E-field, the mean dipole moment is given by

<M>=q,E+d L(y (14)
where the Langevin function is defined by

L) =[cothky)—y"]. (15)
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Here y = de E / kgT, and a, denotes atomic polarizability. [6]

There are three major considerations for including of the distribution of local electric
field in the program of plasma structure determination. First, notice that the degree of
polarization for an emission line must be local, whereas the imaging gives the line-of-sight
average degree of polarization, i.e., the degree of polarization for the luminosity. To find the
degree of polarization for a local emission line within the plasma, the structure reconstruction
needs to be carried out for the two specific intensity components of polarization in such a way
that the scaling relations of eqs. (3) and (4) are satisfied for the total specific intensity. Second,
we remind that the program for electric field determination relies on imaging by line emissions,
not continuum emissions. The question is whether the scaling relations are appropriate for line
emissions. We believe that the power-law scaling relations are good approximations, but it is
useful to make a critical comparison with an alternative one based on an explicit expression for
the specific emission intensity of an emission line. Third, it is necessary to rewrite the

Beam Reflector
Splitter ‘ - Gated
— E_‘ = Intensified
1 2-D Array
-‘__._ N Detector
Lens . Filter Reflector Polarizers

LPP Plume

Figure 5. Schematic diagram of the optical setup for capturing polarization- and
wavelength-resolved lateral-view images of a'LPP plume at a selected time from the start
of a laser pulse, A second identical setup is needed 1o capture another set of lateral-view
images in a direction perpendicular to the first at the same time. Here, the image is first
split into two images, and the two images are captured by a single gated, intensified 2-D
array detector through two separate polarizers of mutually orthogonal polarization.

expression for the self absorption coefficient of the plasma with one for an emission line,
consisting of the number density in the upper level of the transition, atomic transition probability,
emission line profile function and the photon energy of the emission line. [4]

We have examined the feasibility of polarization-resolved imaging of a LPP plume from
an aluminum target in low-pressure argon. Two polarization-resolved front-view images of the
plume are captured using a single gated intensified CCD array detector, and a 2-D distribution of
the degree of polarization has been successfully constructed for the plasma luminosity. [7]
According to the general approach in our development, the luminosity polarization must now be
inverted to the distribution of the polarization of specific line emissions.

4. Conclusions

We have shown that in the event of charge separation due to internal fluctuations, it is in
principle possible to unfold 3-D distribution of resultant local electric fields by acquiring
mutually orthogonal, polarization- and wavelength-resolved images of the LPP plume. Each of
the key components of the requisite instrumentation has been investigated for simultaneous
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determination of both the structure and 3-D electric field distribution, which comprise
polarization spectroscopic imaging of the LPP plume from three mutually orthogonal directions.
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Abstract

The polarization resolved H, line has been observed on long-pulse NBI plasmas of the
LHD. The Zeeman profile of H, line yields the strength and the direction of the magnetic
field, and the location of the emission regions are identified on the well-established map of
the magnetic field of the plasma. It is found that the emission is localized just outside the
main plasma. The Doppler width and shift of the profile indicate two temperature components
and the inward atom flux with velocity of 10°~10% m/s on each emission location.

1. Introduction _

In fusion devices such as tokamaks and helical machines, determination of neutral
particle influx from the plasma edge region to the main plasma is extremely important for the
purpose of studying, e.g., the A mode[l, 2], the formation of density profiles[3] and the
recycling neutrals(4]. In this regard, the emission line intensity is the only source of
information,

Neutral helium emission lines have been observed with an array of optical fibers which
covers the entire poloidal cross section of the LHD plasma[5]. The observed spectrum was
interpreted as a superposition of two Zeeman profiles that originate from different locations
on the same line of sight and are relatively shifted. The Zeeman profile yields a magnetic
field strength, and the locations of the emission region are identified on the well-established
map of the magnetic field of the plasma. The locations form a closed zone just outside the -
region, the so-called “ergodic layer,” where the magnetic field line structure is chaotic.

When we observed a hydrogen emission line (H,), we obtain a spectrum like Fig. 1. It is
obvious that it is impractical to interpret this as a superposition of two Zeeman profiles like
the case of helium. In this study, we resolve the H, line proﬁlé mmto the polarized
components, and determine its emission locations.

2. Experiment

Large helical device (LHD) is a heliotron type device of a double null divertor
configuration. The major and average minor radii are 3.9 m and 0.6 m, respectively. The
maximum magnetic field strength on the magnetic axis By could be as high as 3 T. The map
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of the magnetic surfaces and field strength are shown in Fig. 2, and the variation of the field
strength along the line of sight, which is shown with the dash-dotted line, is shown in Fig. 3.
The direction of the magnetic field, & is defined as the angle from the horizontal plane. The
magnetic field on the line of sight is twisted. Because of the absence of an inductive current,
the magnetic field is accurately determined from the coil currents as a function of R, the
distance from the center axis. '

The emission from the LHD plasma was observed with the polarization separation optics
(PSO), which is shown in Fig. 4. This optics consists of a 76° polarization separation prism
(Halbo Optics, PBC12) and a Glan-Taylor prism (Halbo Optics, PS12) made of calcite and a
pair of lens couplers, each of which focused the plasma radiation on a optical fiber for
orthogonal linearly polarized light, o-ray or e-ray. The output from the fibers was fed in a
line in front of a spectrograph of 1.33 m focal length f/9.4(McPherson M209, 1800
grooves/smm). The spectral image was recorded with a CCD (Andor DV435-BV, 1024 X
1024 of 13um square pixels). :

The measurement was carried out for 25 s stationary phase of a hydrogen discharge
heated by neutral beam injection (NBI). The nominal field strength B, and the radius of the
magnetic axis R,y of the discharge were 2.75 T and 3.6 m, respectively. The NBI power was
600 kW. The gas-fueling rate was controlled so as to keep the line-averaged electron density
ne, constant, In the stationary phaée n. was 10" m>.  The tilt angle a of PSO, which was
defined as the angle of the polarization direction of the o-ray from the horizontal plane, was
—45 degrees. An example of the observed Hy line profiles is shown in Fig. 5. We
calibrated the wavelength by using the spectra in the fecombini'ng phase, which are known to
be unshifted. Though the H, line is in the region of the Paschen-Back effect [6], the
observed profiles show a rather complicated structure. We try to interpret these profiles as a
superposition of two Zeeman profiles like the case of helium.

3. Analysis _ :
We synthesize the H, line profiles based on the following assumptions.

1. The H,, line is emitted from the two locations, the inner and the outer points on the line
of sight.

2. On each point, there are two temperature components, and each component atoms move
toward the magnetic axis with a different velocity. ,

3. There is a high temperature component, represented by a broad Gaussian profile.
We performed a least-squares fitting on the observed e-ray and o-ray line profiles
simultaneously with four sets of Zeeman profiles plus a broad Gaussian profile. Each set of
Zeeman profile has an independent intensity, Doppler width and shift. The results of the
fitting are shown in Fig. 5 with the bold solid line. The adjustable parameters are shown in
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Table.1. Two sets of Zeeman profiles for the inner point determine the value of the magnetic
field and thus R. The other two profiles give the outer point. It is found that the emission
locations were R=2.80 m and R=4.70 m.

The results of observation in the nine time spans (z = 1.0-1.5, 3.5-4.0, 6.0-6.5, 8.5-9.0,
11.0-11.5, 13.5-14.0, 16.0-16.5, 18.5-19.0, 21.0-21.5 s) are shown in Fig. 2. It is found that
the H,, is emitted just outside the main plasma like the case of neutral helium and the intensity
of the inner point is twice that of the outer point. At the inner point, hydrogen atoms have two
temperatures, 0.286 and 3.40 eV, and inward velocity, 3.00 X 10° and 6.86 X 10° m/s,
respectively. At the outer point, the hydrogen atoms have two temperatures, 0.127 and 0.837
eV, and inward velocity, -1.63 X 10° and -3.48 X 10° mys, respectively. The warm
component on each emission location (3.40 eV for the inner point and 0.837 eV for the outer
point) could be identified as due to dissociative excitation of molecular hydrogen. A
quantitative discussion 18 in progress based on a neutral particle transport code that includes
molecular and molecular-ion dissociation processes.
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Table. . The adjustable parameters and their obtained values. T, and v_os indicate the atom
temperature and the velocity along the line of sight, respectively.

adjustable parameters obtained value
inner R (m) 2.807(5)
component
cold Intensity (10° counts) 1.83(4)
T {eV) 0.299(8)
vios (10° mis) 3.00(9)
warm Intensity (10* counts) 3.0(1)
T, (eV}). 33D
vios (10°mis) 7.2(2)
outer R (m) 4.66(1)
component
cold Intensity (10* counts) ©0.35(6)
T, (eV} AR ¢
vios (10° m/s) ' -13(2)
- warm Intensity (10° counts) 1.5(1)
T, {eV) 0.76(7)
vios (10° mis) -3.2(2)
broad Intensity (10° counts) 3.8(1)
component
T, (eV}) 143(5)
vios (108 mis) 33(2)
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Fig. 2. Map of the magnetic surfaces and field strength for the configuration of Ry = 3.6 m
and B, = 2.75 T. The R and Z axes indicate the major radial direction and the direction
perpendicular to the equatorial plane, respectively. The dashed line indicates the line of

sight. The circles indicate the locations of the H, line emission and their size indicates the
intensity of the emission.
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least-squares fitting with four sets of Zeeman profiles plus a broad Gaussian profile.
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abstract

An emission line of Hel A 667.8 nm is observed in the Large Helical Device (LHD) with
a polarimeter, with which two linearly polarized components of the light from the same
line of sight is simultaneously measured. The emission line exhibits splittings due to the
normal Zeeman effect and the 7 and two o lights are respectively observed. The results
indicate the polarization state of emission lines is different from our expectation. From
two measurement, for the second of which the polarimeter is rotated 45 degrees from
the first, the polarization ellipses of all the three polarized lights are determined. Some
observations for a reversed magnetic field plasma operation, for different emission lines
of different ions, and also for operations with some different magnetic field strengths
suggest that the distortion of the polarization state originates not in the atomic radiation
itself or the plasma condition, but in the optical window at the observation port of the
vacuum chamber.

1 Introduction

In the plasma polarization spectroscopy, which aims at quantitative determination of the
anisotropy of electron velocity distribution function in plasma, a high precision measure-
ment of the polarization state of emitted light is required. If the polarization state is
distorted by some reasons other than the anisotropic electron collisions, the reason of the
distortion must be made clear and its affection must be removed experimentally or in the
analysis.

Some polarization measurements have been carried out in the Large Helical Device
(LHD) and we have found a distortion of polarization state which is not ascribed to the
anjsotropic electron collisions. This article introduces the method we have employed to
determine the polarization state of the observed emission lines from a limited number of
experimental results and seeks the origin of the distortion.

We mainly use an emission line of Hel 2 667.8nm (2'P-3'D). This line clearly
exhibits a normal Zeeman effect and is split into three components which respectively
have different polarization states: one of them is the linearly polarized light along the
magnetic field direction (pi light) and others are the right- and left-handed circularly
polarized light on the plane perpendicular to the field direction (sigma light). This feature
is quite useful for the present study because different types of polarization state can be
simultaneously measured.
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In LHD whole the magnetic field is stationary formed irrespective of plasma state.
Owing to this characteristic, at the end of a discharge most of the ions and electrons in
the plasma quench through volume recombination processes rather than dissipation [2]
and finally show an intensive radiation on the magnetic axis. This study exploits such a
strong and spatially localized radiation is used. ‘

2 Experimental setup

Figure 1 shows a schematic top view of LHD and the line of sight which is on the equa-
torial plane. From the geometrical relation between the line of sight and the magnetic
field direction on the magnetic axis, the polarization ellipses [1] of the 7 and two ¢ lights
of the Zeeman-split Hel 2 667.8 nm line are expected to have such shapes as shown in
Fig. 2. In this case, the spectrum to be observed is shown tn Fig. 3. We denote the o
light having a shorter wavelength of the two as o* and the other as o~ throughout. In
the same figure, actually observed data are also drawn with crosses and they show a good
agreement with each other.

L viewing chord
schematic view of the g

observation geomeltry

LHD

quarlz glass
window

----- Rux=36m
B,=275T

Figure 1. Schematic top view of LHD and the line of sight which is on the equatorial
plane. B indicates the direction of the magnetic field for normal operations.

The magnetic field strength determines the wavelength shift of o* and o~ lights from
the unshifted x light, and the angle between the line of sight and the field direction deter-
mines the intensity ratio of 7 to ¢ light. The good agreement in Fig. 3 indicates that our
assumption that the line emission is localized on the magnetic axis is reasonable.

For the polarization measurement, such an optical system as shown in Fig. 4 is em-
ployed. With this polarimeter, two orthogonal components of linearly polarized light
from the same viewing chord is simultaneously measurable. In addition to that, the an-
gle of the axes of the linearly polarized light with respect to the equatorial plane can be
changed by rotating the polarimeter. '
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Figure 2: Expected polarization ellipses for the x and two o lights.
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Figure 3: Observed profile of the Hel 4 667.8 nm line. Expected profile based on the
polarization ellipses in Fig. 2 is also shown.
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Figure 4: Optical system used for the present measuremént. The axes of the linearly
polarized lights to be measured can be arbitrarily determined.

3 Results

We have tried a measurement of the same emission line through a polarimeter in Fig. 4.
When the two orthogonal axes of the polarimeter are aligned in the horizontal (x) and
vertical (y) directions, respectively, the expected spectra are shown in Fig. 5 which is
based on the polarization ellipses in Fig. 2. The x component of the x light is denoted as
. and similarly for others in the following.

From the polarization ellipses in Fig. 2 the & light is expected to appear only in the
x component. As for the o lights the x component should be a little weaker than the y
component because the line of sight has a finite angle with the magnetic field direction
on the horizontal plane. What should be noted here is that there is no reason which gives
rise to differences between ¢ and o~ lights. '

The results of an actual observation, however, contradict our expectation. They are
shown in Fig. 6. In the x component, the intensity of o-; is higher than that of o} and
vice versa in the y component. The intensities in the x and y components in Fig. 6 can
be directly compared because the relative sensitivity including the transmittance of the
polarimeter is calibrated. The calibration is carried out as follows. As shown in Fig.‘3,
o' and ¢~ show equal intensities without the polarimeter. This means the summation of
o and o, is equal to that of o7, and ¢,. This is written as

It Io:
I(o?) + (Uy)=1(a;)+ (‘T’), (1)
94 o
4
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where /(o)) and others stands for the observed intensities of the respective line compo-

nents, and a is the relative sensitivity of the y to x components. The coefficient « is then
obtained as

Ha)—Ioh)
o = L(__L 2)
o) — o)
As for mr light, the x component predominates over the y component in the actual obser-

vation, and this seems reasonable here. More detailed analysis about the m component is
carried out later.

0L2Frrr T T Ty 02— e
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Figure 5: Expected spectra of Hel 4 667.8 nm from the polarization ellipses in Fig. 2
when the axes of the polarimeter is aligned in the horizontal (x) and vertical (y) directions,
respectively.
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Figure 6: Observed Hel A 667.8 nm line with the polarimeter, the polarization axes of
which are atigned in the horizontal (x) and vertical (y) directions, respectively.

Then we consider the meaning of these asymmetric o intensities. For this purpose, the
polarization ellipses are also helpful. For each of the ellipses, a unique envelope rectangle

-78 -



is drawn, the sides of which are parallel to either the x or y axis. The different o intensities
in the x component indicate that the length of the envelope rectangle in the x axis direction
1s different between for o* and o~ lights. The different y component intensities can
be considered similarty. These results indicate that the two polarization ellipses, which
comrespond to o and o, respectively, have different shapes as schematically shown in
Fig. 7, though they are not yet uniquely determined at this moment. The ellipses drawn
in Fig. 7 are only examples.

Figure 7: Relations between the observed line intensities and the polarization ellipses
or the envelope rectangies when the axes of the polarimeter are aligned in the x and y
directions. This figure is only for an explanation and the real observation results are not
reflect on it. '

In order to identify the polarization ellipses, we have rotated the polarizer 45 degrees
and measured the same emission line. If the true polarization ellipses are the ones in Fig.
2, the & and 57 components should be identical as shown in Fig. 8. Figure 9 shows the
result of an actual observation. In this case the intensities of the o* and o~ lights are
almost the same in both of the £ and n components. Therefore we denote their intensity
just as I(o) or I{o;) here. ,

The results in Fig. 9 are also relatively calibrated. However, a similar calibration
method as in the previous case is unavailable because the two o components have the
same intensity. Instead we give attention to the intensity ratio of the o to x lights. It is
readily noticed that the ratio is different between in the £ and  components. Since the
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Figure 8: Expected spectra of Hel A 667.8 nm from the polarization ellipses in Fig. 2
when the axes of the polarimeter is aligned in the —45 degrees (£) and +435 degrees (1)
directions, respectively.
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Figure 9: Observed Hel A 667.8 nm line with the polarimeter, the polarization axes of
which are aligned in the —45 degrees (£) and +45 degrees (n) directions, respectively.
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ratio of the summation of true intensities should be equal to that of Fig. 3, the following
equation must hold true, '

I(me) + I(my) /B _Im
o+ o)/ o)

where B is the relative sensitivity of the 5 to £ components. The ratio /(n)/I(c) is the
value without polarimeter. The sensitivity 8 is obtained as

(3)

Ha)

1 I(org) ~ Hmg)

‘_’(Hq) - '{'('QI(U-Q)

4)

Though the two o lights have equal intensities respectively in the £ and  components,
H{og) and I(o,) are different. This contradicts our expectation. I(;) and I(x,) are also
different and it is confirmed that the polarization condition of the r light is also different
from our expectation.

We again try to understand these results with the help of polarization ellipses. Here,
the intensities of the two ¢ lights in the £ component are identical. This indicates that the
length of the envelope rectangle in the £ axis direction of the two o lights is the same.
n components can be understood similarty. That is to say the two envelope rectangles
corresponding to the two o lights coincide with each other. The situation is schematically
drawn in Fig. 10. The ellipses drawn in the figure are, however, again just examples and
they are not uniquely determined yet.

Figure 10: Similar to Fig. 7 but when the axes of the polarimeter is aligned in the £ and
directions.

So far, for each of the & and two o lights the shapes of two envelope rectangles for
which the axes are rotated 45 degrees from each other, are determined. The relative in-
tensity or the relative scale of the rectangles between in the x-y and £-n coordinates is,
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however, not determined. Since both the measurements are carried out for different dis-
charges, they cannot be compared directly. We normalize them with the total intensity
for the moment and this presumes that the relative sensitivity of the system has no de-
pendence on the rotation angle of the polarimeter. The normalization factor y is therefore
derived from a relation

[0 + o) = ylI(o}) + o). 5)

Finally, the two envelope rectangles for each of the 7 and two o lights are completely
determined. :

The polarization ellipse which simultaneously correspond to the two envelope rect-
angles uniquely exists and it is determined as follows. Any elliptically polarized light is
mathematically expressed in the x-y coordinate as

x = A, cos(w) (6)
¥y = Ay sin(w + A). (N

Here, A, or A, is the the electric field amplitude of the light in the axis denoted by the
subscript. The square of this value corresponds to the observed intensity. The relative
phase difference A is the only unknown quantity in the expression at this moment and is
derived as follows. The £ component of the same light is expressed as

£= ? {A, cos(w) + A, sin(w + A)] (8)
= AgK sin(w + @), (9)
with
Ag = g \/ (A, + A, sind) + {4, cos(a)} . (10)
and )
tan ¢ = A + Aysin(d) (11)
A, cos(A) )
From eq. (10}
-4
sin(A) = A, (12)
is obtained where '
Al+Al=A}+ A (13)

is used. There are two candidates for A even if the range is subtended from O to 2x. They
correspond to the right-handed and left-handed elliptically polarized lights and hence the
shape is at least uniquely determined. The polarization ellipses for the 7 and two o lights
which are determined similarly are shown in Fig. 11.
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Figure 11: Polarization ellipses for the observed # and two o lights.

4 Discussion

In the previous section we have shown how to determine the polarization ellipse of the
observed light, However, it has not been confirmed whether the light is intrinsically
distorted when it is emitted or the emitted light is somehow distorted in the medium. It
is generally difficult to intuitively understand the transformation of polarization ellipses,
and we usually resort to matrix theories such as Jones and Muller calculi [1], under
which a polarization state and. an affection to it are expressed as a vector and a matrix,
respectively. Though in principle the operator matrix can be determined by observing
a required number of transformations for different polarization states, our data is not
enough for that purpose. Instead, we guess the reason of the distortion through some
characteristics of the phenomena.

First, the same observation is attempted for a discharge with a reversed magnetic
field, which means that the filed direction is reversed while other characteristics like
the strength are intact. The result is shown in Fig. 12. As compared with Fig. 5, the
normal field direction case, it is readily noticed that the asymmetry of the o* and o~ light
_ intensities is reversed. Under the normal direction field, o and ¢~ lights correspond to

the right-handed and left-handed polarized lights from the observer, respectively. When
the field direction is reversed, these relations are also reversed. This result implies that
the observed distortion of the polarization is not an intrinsic effect on the atomic emission
itself but an effect on the emitted light.

Other emission lines are also observed. Figure 13 shows the results for the Zeeman
profile of the CIHI 3*S-37P lines. Here also shown are the expected profiles under an
assumption that the same effect as on the neutral helium case works on this case. The

10
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Figure 12: Similar to Fig. 6 but for a discharge of reversed magnetic field.

effect of the magnetic field, however, is not be expressed as a linear effect such as the
normal or anomalous Zeeman effect. We have instead solved a problem of general cases
of the Zeeman effect and have calculated all the transition components between the mag-
netic sublevels. We have finally had a good agreement with the experiment as seen in
Fig. 13. A similar observation and simulation are carried out for the CII 2s2p(*P°)3s*P°-
2s2p(*P*)3p*P lines. The results are shown in Fig. 14 and a good agreement between
the experiment and simulation is again obtained. It is inferred from these results that the
effect on the polarization state depends on neither the angular momentum states of. the
energy levels nor the wavelength of the observed emission line, and this make certain our
provisional conclusion that the effect works on the emitted light.
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Figure 13: Spectra of the CIIT 33S—3°P lines measured with the polarimeter. Synthetic
Zeeman spectra with B = 2.75 T and based on the same polarization states as the helium
line are also shown.

Finally, the dependence of the effect on the magnetic field strength is investigated.
Figure 15 shows the observed y-axis component of the Balmer-e line of neutral hydrogen
for three different B,, discharges and no B,,-dependence is observed.

11
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Figure 15: Dependence on the magnetic field of (a) the hydrogen Balmer-a line profile
and (b) the intensity ratio of two o lights.

The comprehensive understanding of the effect from these evidences is that the effect

has nothing to do with the plasma and the magnetic field and might be appeared by the
photoelasticity of the optical window.
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Abstract

We report measurements of the line polarization of Ne-like and F-like of iron n=3
to n=2 transitions in the x-ray region. We used the “two-crystal technique”
developed in previous polarization measurements in our laboratory. Preliminary
results from our measurements are presented together with the theoretical
calculations using the Fiexible Atomic Code (FAC). Qur calculations show that
contributions from cascades play an important role in the polarization calculations
of most of the transitions. The uncertainties and difficulties of our experiments are
also discussed.

1. Introduction

Fe L-shell polarizations are important to laboratory studies relevant to astrophysics.
Polarization processes have been demonstrated [1] to affect the emissions of many
astrophysical sources. Another aspect of the relevance of polarization studies to
astrophysics is based on the fact that polarizations can change the emission intensity, and
therefore it has to be properly taken into account before one can extract other information
from the emission. A good example is the Fe XVII line emission studies. Fe XVII lines
have been observed in the Sun as well as in numerous cosmic sources studied with the
Chandra and XMM-Newton observatories. Applications of these lines include using them
as diagnostics for the source parameters. A laboratory measurement of the ratios of the
3s-2p to 3d-2p lines reported by Laming et al. [2] used the NIST electron beam ion trap
and determined that the ratio 3s-2p and 3d-2p line intensities differed by nearly a factor
of 2 from the same ratio measured from the Sun and Capella. Their results would have
had far-reaching consequences for solar and astrophysics.  However, another
measurement from the Livermore EBIT group [3] strongly disagrees with the NIST
measurements. The difference of the two measurements is as large as a factor of 2 at
some data points. Careful calculations show good agreement with the later
measurements. One of the many factors that resulted in the flawed results from the
former measurement was later attributed to their neglect of polarization correction to the
EBIT line emission.

In this report, we made use of the fact that the line emission from the EBIT source is
polarized and measured the polarization of the Ne-like and F-like Fe lines that are of
particular interests to astrophysics. This study is a part of the laboratory atomic database
we are building. Related work includes the comprehensive Fe L.-shell 3-2 line emission
measurements that were completed a few years ago [4,5]. As will be shown in this report,
these line measurements are the foundations of present measurements.
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2. Experimental technique and instrumental setup
A number of previous polarization studies made on Livermore EBIT have established the
“two crystal technique”, which literally means that two crystal spectrometers are used for
the experiment. The details of these techniques have been described elsewhere [6-8]. The
equations for in this technique have been explained in detail by Beiersdorfer et al. [8].
The essence of this technique is surnmarized as the following.

For each line intensity dispersed by the crystal, we have I ..=L,R, + IR, R is the
reflectivity of crystals. Line polarization is defined as P = (I,- [ /(I,+1)).

It B

L _L R L+
W+ RIL O I+1Y
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If one has line b as a reference line, and the P, is known, assuming R=R/ R,, is constant

for the lines a and b, then we can derive the polarization for line « as:

R=15 ) s @
[1 }G[ +]ﬁ b](&_l)_[FLaf[]-{-&T—Pﬁ}R l)

Replacing one crystal spectrometer with a grating spectrometer, we have R,, R, =1 for
the grating measured intensity in Eq. (2). '

The setup of the spectrometers on EBIT-I is shown in Fig 1. A flat field crystal
spectrometer [9] was used. The crystal was RAP (2d=26. iA). The grating spectrometer
uses a 44.3m grazing-incidence grating which has variable line spacing of about 2400
I/'mm. It features with high resolving power and larger wavelength coverage (10 - 50 A).
It used a liquid nitrogen cooled back- illuminated CCD as detector.

Our data was all taken in steady state. The electron beam energies were set so that we
can maximize the population of the desired charge states. This is illustrated in Fig.2. At
the beam energy of 1.3 keV, the Ne-like Fe ions are dominant, as shown by the strong
Ne-like lines, compared to the spectrum at 1.4 keV where the F-like lines are very strong.
At 1.5 keV, Ne-like lines have almost vanished while F-like and O-like lines take the
stage. In addition to the feature of “charge state selectiveness”, by applying different
beam energy, one can actually “select” emission processes, such as minimizing emission
from resonance excitations or dielectronic recombinations. These two “selective” features
made EBIT an ideal device to quantitatively measure atomic data including the line
polarization.
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Figure 1: Diagram of the experimental setup.

In our experiment, the Ne-like Fe spectral data were taken at beam energies at 850 to
1400 eV. The F-like Fe data were taken at 1300 to1500 eV. The grating spectrometer
covered the interested spectral range of 13-18A, while we needed two crystal settings to
cover the same wavelength interval.
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Figure 2. Fe spectra at three electron beam energies.
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3. Experimental results and discussion
3.1.Ne-like Fe

We have obtained Ne-like Fe spectra at 800 to 1300 eV beam energies in the region
covering the six well known n=3 to n=2 transition lines:

3C 1s%2s%252p2p*3d,, — 1572s72p° 3D 1s%25%2p?2p*3d,, — 15%25%2p°
3E 152522p2p*3d,, — 15252p°  3F 1s22572p2p'3s,, — 15725°2p"
3G 1s*2s2p*2p3s,,, — 152s2p® M2 15%2s2p*2p’3s,,, — 15°2s°2p°

We determined the grating spectrometer response using the H-like Oxygen lines. As
showing in Fig. 3, the H-like Oxygen lines have good spectral overlap with the Ne-like
Fe lines.
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Fig. 3. Fe and O spectra taken with the grating spectrometer

o
T

Using the theoretical LyP/Lyo ratio as standard, the spectrometer response is determined
by the deviation of the measured LyB/Lya ratio from the theoretical calculations. Figure
4. shows the results of measurements and two types of theoretical calculations, one is
from APEC [10] and one is from the FAC code [11]. Weighted measurements (thin blue
line) and weighted error (grey area) overlay well with the FAC calculations. This
indicates a constant response of the grating spectrometer for the wavelength range we are
interested in.

The efficiency of the crystal spectrometer was determined by taking into account the

window foils and the absorption of the detector. The result is given in Fig. 5. These
response functions were then folded in the measured line intensities during analysis.
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Figure 5. The efficiency of the crystal spectrometer in the wavelength range of

interest.

We used the 3C line as reference/normalization P,=0.4. Figure 6 shows the overlap of
two spectra taken with the grating and crystal spectrometers. It is from the difference of
the line ratios of the two spectrometers that the polarization was determined, as described

by equation (1) and (2).
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Figure 6. Ne-like Fe spectra from the grating spectrometer and from the crystal
spectrometer.

The derived polarization of the 3D line is shown in Fig 7. Using the FAC code, we
calculated the theoretical polarization under two conditions. One takes into account of the
contribution of radiative cascades, the other does not. For 3D line, the prediction from the
two cases differs slightly, as showing in the Fig. 7. For other Ne-like lines, the two
calculations give a very different answer. Overall, the calculations taking the cascades
into account give more realistic answer and compare better with experiments.

The Polarizations for 3E, 3F, 3G and M2 lines are also derived. The results are listed in
Table 1 D 4. The error bar on the experimental data is not yet in its final form, but we
expect it to be as large as 30-60%.
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Figure 7. Comparison of the polarization of 3D from measurements (dots with
error bars) and FAC calculations with the contributions from cascades taken into
account (solid line) and not taken into account (dotted line).
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Table 1: Polarization measurement and calculations for 3E line.

Energy (eV) | Polarization FAC (cascades) FAC (no cascades)

850 -0.37 -0.39 -0.19
950 -0.20 034 -0.17
1050 -0.40 -0.33 . -014
1100 -0.21 032 -0.13
1200 0.39 0,29 -0.10

Table 2: Polarization measurement and calculations for 3F line.

Energy (eV) { Polarization FAC (cascades) FAC (no cascades)

850 -0.10(0.03) 0.067 0.57
950 -0.13(0.04) 0.068 0.56
1050 -0.17(0.03) 0.071 ©0.56
1100 -0.10(0.04) 0.072 ' 0.56
1200 -0.12(0.03) 0.074 0.55
1300 -0.24(0.05) 0076 0.55
1400 ©-0.34(0.05). 0.078 0.54

Table 3: Polarization méasurement and calculations for 3G line.

Energy (eV) | Polarization FAC (cascades) FAC (no cascades)
850 -0.22 0.052 0.58
950 -0.18 0.051 0.57
1050 -0.22 0.056 0.57
1100 | -0.19 0.058 0.56
1200 -0.27 0.061 0.56
1300 -0.30 0.065 0.55
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Table 4; Polarization measurement and calculations for M2 line.

Energy (eV) | Polarization FAC (cascades) FAC (no cascades)
850 -0.23 -0.10 -0.24
950 -0.22 -0.13 -0.24
1050 -0.22 -0.12 -0.23
1100 -0.25 -0.12 -0.23
1200 -0.21 -0.12 -0.23
1300 -0.31 -0.11 | -0.22

3.2 F-like Fe lines

F-like 3-2 Fe spectra are much more complicated. They contain many more lines in the
wavelength region of 14 A — 18 A. Fig.8 shows three F-like Fe spectra taken with the
grating and crystal spectrometers at the electron energy of 1.35 keV. The F-like Fe lines
have all been identified previously {5]. The lines and their corresponding transitions are
listed in Table 5.

Applying the same technique as described earlier, we have some preliminary line
polarization results for some of the strong lines. Since this analysis is not yet complete,
we cannot draw concrete conclusions. So far we found that the polarization analysis is
very sensitive to the variation of the line intensities, and small errors in the line intensity
fitting could result in amplified error in the polarization values. Also, the derived
polarization appeared to be quite different if we use lines from different charge states as
normalization. As an illustration, Fig. 8 shows our preliminary results for line FI11.
Several other F-like Fe lines seem to have a similar pattern as F11. This could due to
some artifacts of our analysis, or could be caused by some new physics that is unknown
to us. We are going to further investigate this issue, for which both further analysis and
new experiments will be needed.
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Figure 9. Polarization of the F1 line from analysis using line 3G as normalization
(circles with error bar) and using line F4 as normalization (dots with error bar).
The FAC calculation is shown in solid line.

In conclusion, using the “two-crystal technique”, we measured the polarization of Ne-like
and F-like Fe lines using the Livermore EBIT. We have achieved good Ne-like Fe
measurements. The F-like Fe analysis did not yet give a consistent picture; we hope
further experiments will be performed to shine more light on these puzzling results.
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Table 5: F-like Fe line indentifications

LABEL Upper J Lower J A
Fldo 185020200 3000 4 W22t L 17664
F2om P20 2005 1 a2 L 16,345
Flon  IEa2poaddd 1 1930200 4 16197
2 S 152257 2p7 2, 3s SRR e T R B [
FS..... 1202l 0 b ey L 1604
Fé ... 5207 2p72p3 . 3y 3 YWppl, 1 16023
Flo. S0 4 195, 4 15500
F..... 13237 2p 2203, 3y s W22t L 15883
Y. l.s:2x32p|,12p_:::3.\' 3 12272 2py ., 4 1588
Fi ..., 143 2572p, 4 2p3 L 3s 1 192262027, & BS.7HT
FlN ... TERIEE PR P PO S P R . S PR XY
FiI2 ... 2020720000y 40 182t L 15501
Fl3 ... WA s b 182820, 1 14601
Fld...... 1920328 3y 4 K922l b 14568
FIS... 1S202pp0.00y § 1820207000, 1 14548
Flo ... §827°2m02p003ds: 4 157207302 Loolad24
Fi7.... 152 25% 2p) ,.n;.'!p':;.:hf;.-g I Ko o) ./ PR S R R T
FIS oo 18925%2p102p03dn 4 18380000070 4 14360
F19 . Ry 03) By 4 1223l 1 1276

T 2py .'!p;.,: Moo i 1326720720, 4 14267
F30.. IeN2padplo My 1 Rl 3 14216
1225720200 My 1 1902720, 1 13203

By Brown et al., Apj supp. 140, 589 (2002)
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Abstract

We have measured the polarization of the heliumlike sulfur resonance line 1s2p
'P, —» 15* 'S, and of the blend of the lithiumlike sulfur resonance lines 1s2s2p *P,, —
1525 %S, and 1s2s2p °P,;, = 15°2s 2§, as a function of electron beam energy from near
threshold to 144 KeV. These lines were excited with the LLNL high-energy electron
beam ion trap and measured using a newly modified two-crystal technique. Our results
test polarization predictions in an energy regime where few empirical results have been
reported. We also present calculations of the polarization using two different methods,
and good agreement is obtained. : | '

I. Introduction ‘ , ,

Previous studies have highlighted the possibility of using polarization of x-ray
line emissions as a plasma diagnostic tool to infer the presence of directional electrons
(1,2]. This diagnostic has been successfully applied to the study of laser-produced
plasmas [3], vacuum spark plasmas [4], and Z-pinches [5,6]. It also has been used to
determine the electron cyclotron energy component of the electron beam in an electron
beam ion trap {7]. Additional polarization affects on the K-shell line emission have also
been predicted in laser-produced plasmas [8].

Theoretical studies of line polarization have been presented by Reed er al. [9],
Itikawa et al. [10], Zhang er al. [11], and Inal et al. [1]. These predictions have been
tested by various measurements. Henderson er al., reported the first x-ray emission line
polarization measurement of a highly charge ion, heliumlike Sc'* {12}. Other reported
polarization measurements include Fe™, Fe?**, Ba*, Ti'*, Ti***,and Ti*'* {13 - 20].
Polarization measurements of the K-shell x-ray emission lines of heliumlike ions were
made near threshold of the corresponding resonance lines. The exception is He-like Fe
which was measured up to 120 KeV as reported in 1998 PPS workshop {18,19]. The
polarization of the magnetic quadrupole transition in neonlike Ba*** was measured at a
variety of electron impact energies above the excitation threshold (but not at relativistic
energies). Measurement of the polarization of the Lyman-q,, line in hydrogenlike Ti*"*

24+

.97 -



was presented recently which extended well to electron impact energies of 50 KeV (10
threshold units). The results reported in reference [20], showed unexplained systematic
discrepancy with the theoretical predictions. These results motivate further studies at
high collision energies. In this paper we report the measurement of the polarization of
both heliumlike and lithiumnlike sulfur resonance lines as a function of electron impact
engrgy up to ~ 60 threshold units. We also present calculations based on two different
computer codes in this relativistic energy regime, which agree well with the
measurements.

IL. Experimental Measurement

The polarization measurements reported here were made using the Lawrence
Livermore National Laboratory SuperEBIT electron beam ion trap [21,22]. The sulfur
ions were electrostatically trapped and probed with a quasi mono-energetic electron beam
~60 um in diameter. The electron beam was tuned to energies ranging from 3 KeV to
144 KeV for these measurements. Past measurements on the Livermore electron beam
ion trap have used the “two-crystal technique” [13,14]. The main idea of this technique
is to use two crystal spectrometers: one of them aligned at a Bragg angle near 45° and
another one far from such an angle. Both crystal spectrometers employ a spectral
dispersion plane perpendicular to the electron beam propagation. In a second approach,
only one crystal spectrometer has a dispersion plane in the direction perpendicular to the
electron beam propagation. The second spectrometer has a dispersion plane parallel to
the electron beam propagation. Because of the extended x-ray source size in the direction

paraliel to the electron beam propagation (15-20 mm) it is necessary to use a focusing
crystal spectrometer, as shown in Fig 1.

EBIT
Electron Beam lon Trap

Dispersion plane

for spheggal

x-ray Detector aystal 7 IT
Iy
Dispersion plant, 1‘ '

for ftal crystal e-beam
FIGURE 1. Electron beam ion trap x-ray polarization measurement set-up (modified
“two-crystal technique”). FCS preferentially reflects /,, while the spherically bent
crystal spectrometer reflects 7 (see text).
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The second approach described above has been utilized here to infer the
polarization of the K-shell resonance lines of $'** and §'**. As illustrated in Fig. 1, two
polarization sensitive crystal spectrometers which act as polarizers were installed on
SuperEBIT for simultaneous spectroscopic measurements. One spectrometer, a flat
crystal spectrometer (FCS) [23], was equipped with a PET (002} crystal which has a
lattice spacing of 2d = 8.742 A, resulted in a Bragg angle of 8, = 35.2° for observing the
Ka transition of heliumlike sulfur. A position sensitive proportional counter was used in
connection with the FCS for x-ray detection. The second spectrometer, (a compact
spherical crystal spectrometer [24,25]), employed a Mica (002) crystal bent to a radius of
30 cm. The lattice spacing of 2d = 19.942 A resulted in a Bragg angle of 8, = 49.6° for
the transition of interest observed in third order reflection. A charged-coupled device
(CCD) was used with this spectrometer for x-ray detection. Figures 2 and 3 show typical
spectra obtained by each spectrometer for different electron beam energies. These
figures show that the FCS produced spectra with high signal-to-noise ratio, though
somewhat lower resolution than the compact focusing spectrometer. The comparatively
poor quantum efficiency and high noise level of the CCD detector hampercd the latter.
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FIGURE 2. Spectra obtained with the spherically bent crystal spectrometer compared to
spectra taken with the flat crystal spectrometer (electron beam energy: 22 KeV).
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FIGURE 3. Spectra obtained with the spherically bent crystal spectrometer compared to
spectra taken with the flat crystal spectrometer (electron beam energy: 144 KeV).

III. Analysis

The intensities observed by the crystal spectrometers can be expressed as,

I =RL+RI ~ (),

where R, and R, represent the integrated crystal reflectivities for x-ray emission
polarized parallel and perpendicular to the plane of dispersion, respectively. I, and [,
denote the intensity of the emitted radiation with an electric field vector parallel and
perpendicular to the electron beam direction, respectivély. The integrated crystal
reflectivities are commonly written as the ratio, R = R, /R,. This ratio varies as a
function of the Bragg angle and is tabulated by Henke, Gullikson, and Davis [26] for a
variety of crystals including PET (002) and Mica (002) crystals used for this experiment.
The polarization of emission lines observed at an angle of & = 90° from the electron
beam are defined as,

P:_{ﬂ—_]l_ (2).

L+
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As stated earlier, the two crystal spectrometers act as polarimeters. The FCS is oriented
in a geometry that preferably reflects I, but /7 also contains contributions from /,,
since the PET crystal used in the FCS was set at Bragg angle of 65 = 35.2°, which
corresponds to an integrating crystal reflectivity ratio of Ryer ~ 0.28. The spherical
crystal spectrometer was set at a Bragg angle close to 45° corresponding to a ratio of Ry,
~0.04. As a result, the spherical crystal spectrometer absorbs most of /; while reflecting
I
approximated as,

,- The measured intensities of the spherical crystal spectrometer in the following are
Iﬁ?:a =R (3).

When using the “two-crystal technique” to infer polarization of line emissions it is
convenient to normalize the line intensity of interest to a line emission unaffected by
polarization (or to a line emission where P is known either experimentally or
theoretically). In our case, the observed line emission is normalized to the forbidden z
line (1s2s °S, — 1§’ 'Sy) in heliumlike sutfur. The 1s2sS, — 1s* 'S, transition is readily
observed in the spectra measured with either spectrometer. Line z is intrinsically
unpolarized, but can be slightly polarized due to cascades [13]. Applying this
norrmalization, the intensity ratio of lines of interest can be written as, '

L) L
Iz Mica Ii

for intensities observed with the spherically bent crystal spectrometer. As for intensities
observed with the FCS this ratio becomes,

(ﬂ) SAtXml )
r PET II|2+RPETIIII

Combining Egs. (2), (4), and (5) we derive an expression for the polarization of
resonance line of He-like sulfur,

1+P I I |
[(1—5)”"*’”][?) (5 ),
’ P = R PET Mica
¥ 1+P} (1”) '(1”) '
: i+ R - el ey (Roer —1)
l(l - Pz PH:I i PET r Mica .

The terms (%J and (I—ZJ are obtain from Gaussian fits of the spectra. Since the
. PET Mica

(6).

spectra were taken concurrently, the polarization of the blended resonance line of Li-like
sulfur (P_) can be calculated from Eq. (6) by simply replacing /" with [*. Where I
denotes the line intensity blend of Li-like sulfur resonance lines 1s2s2p P,, = 1525 S,
and 1s2s2p *P,, — 1525 °S,,,. ,

The slight polarization of line z due to cascades can be determined entirely by the
branching ratios of the upper levels [13]. Using the flexible atomic code (FAC) [27], we

- 101 -



calculated cascades contributions from n £ 3 (cascades contributions from n > 3 are -
considered négligible). As for the theoretical predictions of P, and P, we again use FAC
as well as distorted-wave (DW) computer code developed by Zhang, Sampson, and Clark
[28]. Since the polarization is due to the preferential population of the magnetic

sublevels, both computer codes are used to calculate the magnetic sublevel cross sections

of the resonance lines of interests:

p=22L (),
g, + 0,
30,30
_ 2O 32 ).

7 56,, +30,,

InEq. 7 o, and o, denote the cross sections for electron impact excitation from the
ground state to the m=0 and 1 magnetic sublevels for He-like ion resonance transition,
1s2p 'P, — 15*'S,. Similarly, in Eq. 8 0,, and 0, denote the magnetic sublevel cross
sections concerning Li-like ion resonance transition, 1s2s2p *P;, — 1525 ’S .. The
polarization of the blend of the Li-like sulfur resonance lines can be written as,
_BEo,+BRo, o

Bo,+Bo,
where o, and o, denote the total electron impact excitation cross sections for two

rq

transitions 1s2s2p P,, — 15’25 ’S,,, and 1s2s2p *P,,, — 15’25 ’S,,, respectively (since the
latter’s total angular momentum of its upper state is 1/2, P, = 0 in Eq. 9). Also note that
the branching ratios 3, and f, in Eq. 9 are both approximately equal to 0.80 [27]. While
the distorted-wave method uses a fully relativistic approach to calculate magnetic
sublevel cross sections due to electron impact, FAC uses a quasi-relativistic
approximation which give adequate results for low to mid-Z elements {27].

IV, Discussion and Conclusion

Unlike the results reported in Ref. 20, the measured polarization agrees well with
our predictions made with the Flexible Atomic Code and the relativistic distorted-wave
code. The measured values and predictions are also shown in Fig. 4 and Fig. 5. The
error bars in both figures represent the quadrature sum of the statistical error and the high
noise level of the CCD detector used with the compact spherical crystal spectrometer.
Also shown in Fig. 4 are the non-relativistic predictions of Itikawa ef al. {10]. These
early predictions are limited from near threshold of the resonance line of He-like sulfur
(~2.5 KeV) up to 12 KeV, but nevertheless agree well with both the predictions of FAC
and DW for this limited energy region. The measured polarization for the blended
resonance lines of Li-like sulfur as function of electron impact energy (1s2s2p °P,,, —
15’25 °S,,and 152s2p °P,,, — 1s°2s °S,,) compared to the predictions of FAC and DW
show fair agreement as well.
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Level alignment in C Ill ions:

R-matrix calculations of m-resolved excitation cross section

1.Yu. Tolstikhina, L.A.Vainshtein

P.N.Lebedev Physical Institute, Russian Academy of Sciences
Moscow, Russia

INTRODUCTION

The polarization of emission lines from plasma in addition to their intensities is the
source of data for the interpretation of the plasma characteristics. It carries information about the
anisotropic velocity distribution of electrons. The population-alignment collisional-radiative
(PACR) model code has been developed in the group of Professor T.Fujimoto for the
interpretation of the experimental observations in terms of the anisotropic electron velocity
distribution in plasma. The implementation of the PACR model for Be-like oxygen (OV) and
He-like carbon (CV) has been reported recently [1, 2].

The polarization of CIII triplet emission lines for thels’2s3s °S, —1s?2s3p °R |,
(465.1473, 465.0246, 464.7418 nm) transition may also be studied with the PACR model.
Assuming the ionizing plasma, which is reasonable in the main region of the magnetically confined
plasma with heating modes, the alignment of the upper level ( 1s*2s3p A, ,) is produced by the

collisional excitations from the ground state 1s>2s® 'S, and metastable state 1s*252p °F,  , by

electrons having an anisotropic velocity distribution.
The main task of the present work is to calculate m- resolved excitation cross sections for
the following transitions in Be-like CIII ion:

(i) from ground state 1s2s® 'S, to 1s°2s3p°R,,,
(i) from metastable 1s°2s2p°F, , to 1s°2s3p 'R, ,

METHOD OF CALCULATIONS

The calculation is performed by two codes: RMATRIX1 (3] (K.A.Berrington,
W.B.Eissner, P.H.Norrington) and SCATTAMPREL [4] (K.Bartschat, N.S.Scott) modified by
K.A.Berrington to extract m-resolved excitation cross sections. RMATRIXI is used to calculate
reactance K-matrix which is the input to the code SCATTAMPREL [5].

R-matrix calculations

1. STG1

The first stage of RMATRIX1 code is the calculation of the orbital basis and all radial
integrals in the inner-region. The orbital basis includes the target basis ¢; and the continuum
orbitals u;(r).”
The target basis ¢; is constructed from a bound orbital basis consisting of self consistent field
orbitals plus some additional pseudo-orbitals included to model electron correlation effects. The
orbitals o, (¥,m ) form an orthonormal set

iy
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0n,-i,m,j> 8,.,0,,6

<0n,lim i

and corresponding radial parts are expanded in the form

iy my m,'m

P,(r)= Zc'.r!’; exp(-£,r), (PHJ P:,j,) = 6,,5,,1

Parameters c¢;, p; and &, are the input to the first stage of RMATRIXI1. In the present calculation

we use six orthonormal basis orbitals 1s, 2s, 2p, 3s, 3p, 3d and two pseudo-orbitals 4s, 4p
which have been calculated with CIV3 code by Hibbert [6].

The continuum orbitals u(,) for each angular momentum /; are obtained by solving the
model single-channel scattering problem

[:rz L, +1) +V,(r )+k2}u(r) ZAW m(r)

subject to the fixed boundary conditions defined by the parameters of R-matrix calculations

du .
U, (O) = 0; ' ( a I uu } =
Y ug(a) | dr |

In our case the radius of the sphere defining the inner region is 14 a.u., the constant b is set to be
zero, the maximum value of the angular momentum / is 24 and 20 continuum orbitals w;(¥) for
each angular momentum /; have been obtained.

2.8TG2
The second stage of RMATRIX is the calculation of LS-coupling matrix elemcnts in the

inner-region. It solves the target-state problem by calculating the N-electron Hamiltonian ( H )
matrix element

e <¢k (x, ---xN)|HN|¢k'(x|-"xN ))
involving the target basis
¢(x,...xy) = Ao|(x, Jo,(x, )..on(x, )

Here A is the antisymmetrisation operator. In our calculations spin-orbit interaction in the Breit-
_ Pauli approximation was included

)

n=| mon 1 nm
and the basis configurations were generated automatically by requiring that the two of four target

electrons are retained in the 1s shell and the other two electrons are distributed amongst the
other seven shells in all possible ways. Thus, the number of states is 82 for 13 symmetries:
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Parity Even Odd
Symmetry lSe 3Se IPe JPe IDc 3De JFe lPo 3Pn IDo SDo lFa 3Fo
Number of states | 13 6 3 7 10 6 ¢ |12 12 3 3

The total (N+1) —electron wave function in the inner region is expanded in the form

1

W (Xxp) = A @, (0 Xy P O e )2 (P ) + zdﬁcx,‘(xt Xy,
i N+t i :

where the antisymmetrisation operator A accounts for exchange between the target electrons and
the free electron. The channel function ®, are obtained by coupling the target states @;

D, (x..xy)= zbik¢k (x;...xy)
k

with the angular and spin functions of the scattered electron to form states of the total angular
momentum and parity. Quadratically intergrable functions ¥, formed from the bound orbitals
are included to ensure completeness of the total wavefunction.

Let ¢, denote collectively the basis functions in this expansion. Continuum-continuum,

continuum-bound and bound-bound matrix elements of the inner region (N+1} —electron
Hamiltonian

Hy = <¢A (CIP g0 |HNTT!|(PA'(x1---xN+1)

are evaluated. In our calculations the maximum value of the (N+1)-electron state orbital angular
momentum L is 19

3. RECUPD

The third stage of the RMATRIXI is diagonalization of the target Hamiltonian and
definition of term-coupling coefficients as well as transformation of Hamiltonian matrices from
LS- to pair-coupling. If the spin-orbit interaction in a target is included, the (N+1)-electron R-
matrix basis functions are defined for each total angular momentum Jr and parity. A pair-
coupling scheme

J+ =K, <and> K+s=Jr
is used, J is the total target angular momentum, /, s=1/2 are the free electron orbital and spin

angular momenta.
We performed calculations for the 70 lowest states of the target:

Parity Even Odd
J 0 1 2 3 0 1 2 3 4
Number of states 10 12 10 3 7 14 10 3 1

In the following table the calculated target states energies of interest are presented and
compared with the corresponding energies from NIST data base. There is an option in
RMATRIX]I code to correct calculated energies. In our calculations we didn’t use it.
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Configuration Term Energy (Ry)
Present calculation NIST data base
1s°2s° 'Sg 0 0
Py 0.48337 0.47720
1s*2s2p P, 0.48362 0.47742
Py 0.48412 0.47793
*Po 2.36024 2.36661
1s22s3p ’p, 2.36030 2.36666
p, 2.36042 2.36678
4.STGH

This module of RMATRIX1 deals with remaining inner-region tasks. It diagonalizes
(N+1)-electron Hamiltonian in the continuum basis.

Calculation time of the energy independent part of RMARIX1 is 20 hours on PC with
Pentium-4 processor (2.53 GHz) and 1 GB RAM.

5. STGF

In the last stage of the R-matrix calculations the total wavefunction of the inner region
and the R-matrix on the boundary for all considered totai (N+/)-electron energics E are
established and the electron-target scattering problem in the external region is solved. Matching
the internal and external region solutions on the boundary (r=a) the reactance matrix K is
evaluated. The K-matrix is real and symmetric, and represents the asymptotic form of the entire
wavefunction, containing information from both internal and external region. It may be used for
the calculations of scattering observables.

In our calculations on this stage we used code STGF (written by N.R, Badnell [5D.

The following figures show the comparison of the total cross sections for transitions of
interest calculated by RMATRIXI code and by our code ATOM-AKM based on the K-matrix
calculation in the first order perturbatton theory. The comparison shows good agreement
between RMATRIX] and ATOM-AKM calculation results out of the resonance region. For the
case of the excitation from excited state, K-matrix slightly overestimates cross sections.

Clll 2s*'s -2s3p °P

1647 5
T RMATRIXT
*  ATOM-AKM
1E-18 5
g
< ~~
© -,
Ny
1.£-19 e
—
——_—
1E-20 A . . . . , . . .
E eV
Fig.|
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Calculation of m-resolved excitation cross sections with code SCATTAMPREL

Code SCATTAMPREL was used to calculate scattering amplitudes for inelastic
scattering of electrons by C HI ion for transitions

1s22s% 'S, to 1s’2s3p 31’0,1,2
1s?252p °Ry to 1s*253p°R,,,

between m-components.

The input data are K-matrix elements which have been calculated in a representation
diagonal in the total angular momentum Jy and parity 7 using the JIK-coupling scheme
(RMATRIXI, STGF).

The program calculates scattering amplitude f(8) given by

12 e
S J M, m nJ M, m,;0) =_jl|: 1 ] 2 [(2l| F1)2, + l)]uz ( y — )
2 kok; WE JoKoin' m, )l

X B (©0SOVT, 5 s mpsokts (o M 5, L Oy My YK M, 5 UM Y, M, Lm, |K m YK M Sm [ IM )

where P is an associated Legendre polynomial. T-matrix is calculated from K-matrix using the
well-known formulas .

T=-2(1+K2)"(K-i1{)

The m-resolved cross section is equal
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o(nJ M, m,nJ,M, m,)= ;{ij |f(9)|u sind df

The data obtained by de:ciibed method can be used as an input to the PARC model code.
Calculation results

Figures 3 and 4 show the cross sections for the transitions from the ground state to m-
components of 2s3/ 7L levels. To exclude trivial dependence on energy we multiplied the cross

sections by E’ (exchange transitions). There are curves with smooth and strong dependence on
energy below 100 eV which may be useful for the plasma diagnostics purposes.

ciil 2s*'s, -2s3p °P, : il 2s*'s -2s3p P,

1E-13 4

o 1144

oE’

1E-14 4

1E-15

: - 1E-15 . : .
50 100 150 200 50 100 150 200

EeV EeV
Fig.3 Fig.4

Figures 5-8 show the m-component excitation cross sections for the transitions from the
metastable state. Transitions from the metastable state with A/=0 (Fig.6, 7) have a common
feature: the excitation cross sections between different m-components are divided into two
groups with different cross section values in the asymptotic. The cross sections for Am=0 are
larger up to two orders of magnitude.
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Figure 8 shows the m-component cross sections for the purely exchange transition. One
would expect that in the asymptotu: the cross sections have E> dependence. Nevertheless, one
of the cross sections is increasing in the asymptotic region.

Clll 2s2p °P,-2s3p P,

1E-13 4

5
ol

v e

1E-14

T T 1
100 150 200
EeV

Fig.8

These results are very interesting from the point of view of both plasma diagnostics and
general collision theory. We are planning to analyze the results using more simple code based on
Born approximation in order to study behavior of the cross sections in the asymptotic region.
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Alignment Creation by Elastic Electron Scattering
A Quantum Treatment
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D. V. Fursa and I. Bray
School for Engineering Sciance
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1. Introduction

Alignment creatton by elastic heavy particle scattering has been studied for many
years by Omont [1], by D'yakonov and Perel [2], and by Petrashen, Rebane, and
Rebane [3-12]. The technique has been adapted for arbitrary perturbers (including
electrons) by Fujimoto et al. [13] and by Fujimoto and Kazantsev [14]. In the case of
heavy particle perturbers (e.g. 1ons) there was an argument by Petrashen, Rebane, and
Rebane {7] that under certain conditions (namely only elastic scattering is possible
and the semi-classical straight-line trajectory assumption holds) in the case of an
isolated level, alignment can not be created by elastic scattering. This contention has
been questioned by Dashevskaya and Nikitin [15] who argued that the above
conclusion of Petrashen et al. [7] is due to an extra symmetry introduced into the
problem by the straight-line trajectory approximation (which introduces detailed
balance for magnetic sublevel to magnetic sublevel transitions) and if a more accurate
approximation is made alignment creation can be obtained by elastic scattering. (See
the discussion in Fujimoto et al. [13].} In the case of inelastic scattering Kazantsev et
al. [16,17] gave a quantum-mechanical definition of the alignment creation cross
section. In earlier works, Trajmar et al. [18] and Csanak et al. [19] adopted the
inelastic alignment creation cross sectton definition of Kazantsev et al. [16,17] for
elastic electron scattering and reported results for Ba [18] and O V ions [19] based on
that formula. (Apparently Dashevskaya and Nikitin [15] used the same formula.)
However, a closer inspection of the semi-classical formula of Fujimoto et al. [13] and
Fujimoto and Kazantsev [14] as well as the quantum-mechanical rate equations of
Ben-Reuven [20] and Nienhuis [21] and Bommier and Sahal-Brechot [22] also
indicated that the inelastic scattering formula might not hold for elastic scattering: The
present work reinvestigates this problem, and shows that indeed the alignment
creation cross section formula is different for elastic scattering; as compared to the
inelastic scattering formula.

2. Semi-classical background

Fujimoto et al. [13] and Fujimoto and Kazantsev [14] gave the following formula for
the alignment creation cross section by elastic scattering (Eq. 3.15b in Fujimoto et al.

[13D,
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0,20y = @F + 172 3 (=1) " (FEM-M'|20)D,,,

<
+@F + 1" B[ (FPM=M|20) - (-1)" (FFM = M|20)] Qupp.crne
MaupM'
(1a)
where D, and Q ., . Were defined as ( Eq. 3.14 in Fujimoto et al. [13])
Doy =27 | ba’bE[ e ~[(@FM]S |aF M) ] (1b)
and . _
Ouirr - = 27 [ bdb{(aFM|S aF MY (1¢)

(we have adopted their {13,14] notation).

These equations are somewhat involved and it is difficult to see their relationship to
the inelastic scattering formulas. By simple algebraic transformation it can be shown
that 0,,(20) can be written in the form,

0,(20)=(2F + 1"} 2(.‘1)F+M

M

(FFM - M[20)25 [ bbby ~KaPM[s |aFM |

2)
where (as in Fujimoto et al. [13]) S, refers to the S-matrix (actually an operator) in
the 'collision frame' whose axis is parallel to the incident electron beam.

If we now introduce the T, operator by the definition,

S.=1+T, (3)
we obtain, ‘

0,(20) = 2F + )™ 3 (1) " (FFM - M|20)

,,, 4)
x {27 [ bab[(aFMIT.|aFM) + (aFM|T|aFM)|+ Y Quras cem}
Lo

The second term on the right hand side is identical in form to the expression for the
alignment creation cross section in the case of inelastic processes. The first term is a
linear term in the T-operator and it is an additional term for elastic scattering. Its
physical meaning in this semi-classical treatment is not clear. It will become clear in
the quantum mechanical analysis presented in the next section. Similar additional
linear terms appear in the relaxation rate-equations of Ben- Reuven [20], Nienhuis
[21] and Bommier and Sahal-Brechot [22].

3. Wave-packet formulation of alignment creation by elastic
scattering

The above uncertainties prompted us to reinvestigate the quantum-mechanical
problem of alignment creation by elastic scattering. In this initial investigation we
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shall assume non-relativistic conditions for the scattering electron, we shall treat the
electron as a distinguishable particle, the target is also treated non-relativistically, but
some semi-relativistic effects in the target (e.g. spin-orbit coupling) will be allowed.

We will assume that the incident electron beam is described by the wave-packet (see
e.g. Rodberg and Thaler [23], p.190),

|q>Eh ) = 2n)” [ dk A(E)lf}',a>e"*j"_’”5“ (5)
where in spatial representation,

(i.0lc.a)=e*" n.(0) | (6)
with & referring to the wave-vector and « referring to the spin of the incident
electron; E, = h’k*/2m. We shall assume that the A(k) function is strongly peaked

around the k =k, value of the wave vector with a width of &k << k,, (for the wave-
packet description of a collision experiment, see Chapter 2 of Rodberg and Thaler

[23]).
We shall assume that the initial atomic state vector with energy E, is given by
|7 M) (N

where J refers to the total angular momentum quantum number and M to its
projection. :
Thus the initial state of the electron plus target system is described by the state-vector,

(0,5, )= @ [dk AR [k ) e " g M) (8)

where,
E/=E +E, (9)

is the total energy of the electron plus atom system.

If we now let the incident electron interact with the target and want to look at the
system in the asymptotic future (i.e. for ¢ —> +) then we can write the state vector of
the electron plus target system.in the form,

(1)), = 27)* [ dk Ak ) e [ dk, > (El’a,';JM]'|S[JM;E,a> |JM,';E,'a,’>

M, o
(10)
where,

[kazn) - |k )lm) (11)

is the state-vector of the non-interacting electron plus target system, and S is the
scattering operator. In Eq.(10) we only wrote out explicitly the elastic scattering terms
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while the inelastic scattering terms were suppressed since they will not appear in the
final elastic subspace expression considered in the present work.

Let us assume now that electrons are scattered elastically with final wave vector &, of
arbitrary direction and spin «, (i.e. the magnitude of k, is the same as that of the

incident wave vector, k) and we do not detect the scattered electrons. We want to
obtain the reduced density matrix of the final state of the target system under these
conditions. The appropriate procedure was described e.g. by Blum [24]. The reduced
density matrix of the target states under the assumption that the electrons scattered
elastically can be given in the form,

o = 3@ 3 diollacn|00), (@(0]fe) o

oy

b=

where we have also introduced an averéging over the spin of the incident electron
assuming an unpolarized incident electron beam. Using Eq. (10) in Eq (12) we obtain,

Pow =_(275)“92J-dk fdk A(k) ~(iImEy 1 fdk A(k ) e IRE, ¢
— RSy _ (13)
x EIJMI' (JMJ‘(kOaO;JMl"‘S|kla;JM)( , + uao;JM2'> _

M"M,'

For the matrix elements of this reduced density operator we obtain,

(IM|p,..| IM,) = Py, _-(2::)-92 [ dky [ dk, A(k) e [ dk, AGky)" et

oy,

x (ka3 M| S kes M ) ga;JMIS @ IM, )
' (14)
If we now write the S scattering operator in the form,
S=1-2ni8(E-H)T (15)

(where H, is the Hamiltonian of the non-interacting electron plus target system) then

il

we shall obtain four terms for pj,’,, .

We obtain the first term if we make the substitutions, § —1 and §* —1 in Eq.(14).
Then we obtain for the first term,

Pﬂ"fcf = 6H,M26M,M (16)
which is equal to the density matrix element of the initial state given in the form,

p" = |[IMYIM| (17)
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The second term is obtained if we make the substitution §—1 and
S*' = 2md(E - Hy)T". Then we obtain,

T+

knesIM,) [ ak, [ dk, ACR)A"(R)S(E, - E,)

(18)
where we used the fact that the A(k) function is strongly peaked at km (see the
discussion in Rodberg and Thaler [23], p. 194).

Pirist, = (2'"")—51 Op a1 2 E(k a, /M

£

According to Rodberg and Thaler (p. 195) [23] the probability that the incident wave-
packet crosses a unit area perpendicular to the z-axis (the direction of propagation of
the packet) can be given by, '
dP dk dk
as Q2n)*Y 2n)’
where v, is the initial speed of the center of the wave packet and can be given as,

—AGk)A' (k) SE, ~E) (19)

hkin
m

In fact, dedS represents the current created by the wave packet (see e. g. Rodberg
. and Thaler [23] pp 20-21, 195). Thus we obtain,

(20)

Vi

out(2) _ m E l . |
pM M} hzk,-n i dS 6M|M 22( in* in ) (2]‘)
If we now introduce the scattering amplitude by the definition,
o, _ ___'P___ I . T .

Sty 8.9) =~ = (kzﬁ,fyz |T|k,a,JMl> (22)
where II;,| = 122 and @ and ¢ refer to the polar angles of ];2 relative to f_c.,, then we
obtain, " '

L1 2'7[ dP 1 o
pn? = =2 2 o (& = 0,0 = 0)8y 1 (23)

iJl

The third term for pj, is obtained if we make the substitutions

§—-27i8(E - H))T, §* — 1. A calculation analogous to that used for the second -
term gives the result,

oty _ 27, dP 1
M M, k dS 2

E w (9 =0, =0)3,y,, (24)

Finally the fourth term contrlbutmg to p""’ is obtained if the § — -2md(E - H,)T,

St - 2miS(E - H,)T* substitutions are made This gives the result,

oty AP 1 wa |
M 5\:) = dS 2 Efdgn . (ﬂtn’f’n) an.;) (ﬁn*‘po (25)

acy
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Here we are interested in the change of the reduced atomic density matrix by elastic
scattering. Thus we define the quantity,

APy m, = pﬁr,w p.::.Mz (26)
where,

P, ={IM[p"|IM,) @
Using Eqn's (16), (17), (21), (24), and (25) in Eq. (26), we obtain,

2.71‘ dPl
APM,M, = k dS 2 [

dP 1 [eTe) Al
+_—2fd90 o (00:80) Fune, (80,60)

mIo

This is the fully quantum mechanically obtained expression which shows the linear
terms in the scattering amplitude and corresponds to the semi-classical expression
given by our Eq.(4). Here we shall make an argument which is based on the
assumption that the scattering electron is considered distinguishable (i.c. we neglect
exchange) and is described non-relativistically. Under these assumptions the angular
momentum projection quantum number of the target state and the spin-projection of
the incident electron are conserved upon elastic scattering in the forward direction and
they are independent of the spin projection of the incident electron. We can thercfore
write,

fi, (B 0,9 = 008y, ~ Fi (0 = 0.9 =003, |
(28)

Fum, (3 =0, =0) = f,, (3 =0, = 0)3,,,,, (29)
Then we obtain for APM, »,» the formula

2x . dP
By = o i L (B =0.0=0) = f1 (9 =08 =0)] b1 B,
dPl

dSZ

(30)
EI dQ frn (50s8) s, (S50

If we now use the mathematical identity,

Fun @ =0,¢=0) f1, (3 =0, =0)=2iIm f,,,, (3 =0, =0)

along with the optical theorem (see e.g. Rodberg and Thaler [23] pp 183-186),
Imf,, (3=0,¢=0)= -——'*’-OMM

where 0, is the integrated cross section defined by the formula,

——EIdQI S (99 31

-118-



we obtain for Ap,, ,, the expression,

dpP dP 1 [ cecey
ApM‘,M‘, ="FS'0M.M, 6M’H, mm, + ds 22fd90 y (ﬁos%)f.uuz (ﬁo,%) (32)

These transformations are of great physwal significance as we will see below.

This expression was obtained with the assumption that the initial state was described
by the density operator,

p" = |IMYJIM| (17

Here we are interested in alignment creation by elastic scattering from an initial
isotropic state (with no alignment). The isotropic state will be descrlbed by the
density operator,

P MY JM
P =57 ElJ ( | (33)

giving the initial density matrix as,

H
m iser = 6 34
Pum, = 2T+ 1 M (34)

Since puo is additive from the * p™ elements’, we can simply sum Eq.(32) over M and
divide by (27 + 1)to obtain,

ise dP 1 [7{s] e,
Ap""’w": = dS 2] + 1{ Orm, M M, __EEJ.dQn ; (00’¢0)fMM°, (ﬂo,v%)} (35)

aan

iser

where Apy,

state by the elastically scattered electron. The alignment created in the scattering
process from the isotropic state can be given in the form (see e.g. Blum [24], p. 98),

w15 the change of the density matrix element of the initially isotropic

5”2

T(J); IM - J(J+ )| O(M 36
(T) = [(27 + 3)(2J + DJ(2J - i)(J+1)]”22[ U+ jemn (36)
where '
QM) = Apy, : (37
From Eq.(35) we obtain,
; dP 1 2
A isn — ,
Pua dSZJ+1{ Taav 2 Lo 0 )Il |
Oine, =Ty : . (38)
a'SZJ+l{ 2; i “"’} _
_dP 1
TdS 2+ {20“’“' B 0"’“}
}
7
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where we have defined the ©,,,,.cross section by the formula, \

1 Relef |
T =5 X, Ol (39)

amg

We can define the alignment creation cross section by the formula,

dP

O = (EST)_ (T(J Ho) (40)

which gives,

5 oz 2[3M - I+ D]g(M) (41)

O T[@I+ QI+ DIRI-DU+D] " 4

where

i |1 v |1 [ .
q(M)=m{EEZGMM' OMM}_ZJ_'_I{;OMM' UMM} (42)

acg M'

For the J =1 case which is relevant to the expefiinent of Trajmar et al. [18],

- - Y
0 3 3 3 10 i-1 ol

For electron scattering from laser excited neutral Barium, we have from converged
close coupling (CCC) calculations {Trajmar et al. [18]):

Table 1. Magnetic Sublevel Cross Sections and Alignment Creation Cross
Section The Magnetic sublevel cross sections o,,,., alignment creation cross section
Q,. and the total cross section Q (all in units of 10™® cm? ) for differing incident
electron energies.

E'(eV): {28 20.0 | 97.8
Ty 1.16 _ [0.59 1|0.054
O, 452 11.57 |0.360
oy, 1.97 10.70 [0.054
On 0.47 [0.21 {0310
0 114.30 [ 36.36 | 17.26

The earlier calculation by Trajmar et al. [18] that used the inelastic formula for Q,,
gave the respective values of 8.70, 2.33 and 1.00 for the above energies.

4. Discussion and Conclusions

Here we have obtained a formula by quantum-mechanical methods for the alignment
creation cross section by elastic electron scattering. The formula obtained differs from
the analogous formula relevant for inelastic electron scattering. In the case ofa J =1

8

- 120 -



to J=1 transition according to the inelastic formula the alignment created is
proportional to the quantity o(1) - o(0) where o(M) is the excitation cross section of
the M magnetic sublevel and thus o()=(o_,+0,+0,)/3 and
g(0) =(0,_, + Oy + 0, )/3 where o,,, refers to the cross section of the electron
impact induced M’ to M transition. In the elastic scattering alignment creation formula
obtained by us in the case of a J =1to J =1 elastic scattering, the alignment created is
proportional to the quantity g(1)-¢(0) where g()=0o()-0,,/3 and
q(0) =0(0) -0, /3. Thus in obtaining ¢(M), the elastic scattering cross section by
the M magnetic sublevel, g,,,,, is subtracted. Indeed it was intuitively felt for some
time by us that such a cross section (i.e. g,,, ) should not contribute to the alignment
creation cross section by elastic scattering. Thus we can conclude that the ‘linear
terms’ that were missing in the earlier expression have clear physical meaning in the
quantum mechanical case while their meaning in the semi-classical case was not clear
[27]. Our derivation considered only direct scattering, i.e. the incident electron was
considered distinguishable from the target electrons. The wave packet treatment of
exchange was discussed by Goldberger and Watson [25], by Rodberg and Thaler [23],
and by Kelly [26]. These works indicate that the major part of our results carry over
when exchange scattering is also considered. However when both exchange and spin-
orbit coupling are incorporated into the treatment the final formula might not be
correct. However as long as the spin-flip cross section is small in the forward
direction compared to the spin-conserved cross section (no spin-flip) our formula
derived here will be valid and the essential physical interpretation discussed above
will still obtain. Future work will be directed toward the treatment of exchange and
spin-orbit coupling effects quantitatively.
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A short demonstration of using the Flexible Atomic Code (FAC)

Hui Chen
Lawrence Livermore National Laboratory, Livermore, CA 94551, USA

1. Basic information on the FAC code

FAC stands for Flexible Atomic Code. It was written and maintained by Ming-Feng Gu.
Gu is at the Physics department, Stanford University at the present. The code was written
when Gu was at MIT as a Chandra Fellow, a prestigious award given to young talented
astrophysicists.

The FAC code is distributed free of charge. Anyone who is interested can download the
code tfrom website:

http://kipac-treestanford.edu/iac

Ming Feng Gu, Stanford University, mfgu @stanford.edu Tel: 650-724-3431

One of the greatest virtues of the FAC code is that it is easy to use. It uses simple python
scripts to carry out complex functions. It is ideal for people who do not want to get too
deep into the complicated atomic calculation theories and numerical techniges but want
to gain decent atomic predictions.

The tasks the FAC can perform are vast in number and range. Details can be obtained
from the manuals included with the free code package. One cannot only use the already
built-in capacities to obtain the desired atomic calculations, but also use the easy-to-apply
output (such as cross-sections) as input for ones own models (such as a kinetic atomic
model}. Both aspects have been tested and put to actual applications by many with great
successes.

However, as the author’s “disclaimer” from the manual states:

“FAC is freely distributed in the hope that it will be useful. The author makes every effort
to ensure its correctness. However, he does not guarantee its fitness to any specific
purpose. The author is not responsible for any damage resulting from the use of this
program, including failure to obtain or loss of tenure.”

2. Atomic physics embedded in the FAC code

The FAC code is an integrated software package to calculate various atomic radiative and
collisional processes, including energy levels, radiative transition rates, collisional
excitation and ionization by electron impact, photoionization, autoionization, radiative
recombination and dielectronic capture. The package also includes a collisional radiative
model to construct synthetic spectra for plasmas under different physical conditions. It
also calculates the degree of linear polarizations. Gu has compared the FAC calculations
with those from other codes. Two examples are shown in the Table 1 and Figure 1.
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Table 1
Comparison with Sampson & Zhang Code

Level FAC AE FACgf SZAE SZgf
2 (2ps3si2); 72699 01214 72722 0.1102
4 (2pi23si2)1 73924 01049 73950 0.0937
16 (2Pa!~z3d:4,'ej1 80242 00103 80264 0.0099
22 (2py.3ds.); 81288 06333 81315 0.6095
26 (2p13d..)1 827.32 26120 827.69 2.5514
30 (2s,,23p;2): 89481 00338 89483 0.0358
32 (2s;;:23ps~)1 899.18 02767 899.18 0.2868

0.1

1073

Collision Strength
0,01

1

Scattered Energy (keV)

15

Figure 1: Comparison of M sublevel collision strength of Ne-like Iron from FAC
calculation and Zhang and Sampson’s calculations. Solid lines are FAC results; diamonds
are from Zhang and Sampson (PRA 41, 198, 1990). Thinner lines for M=1 states, thicker
lines for M=0 states. Levels 27,23,17.3 correspond to 3C, 3D, 3E and 3G lines.

Gu provides users with a number of documents. They are included in the doc folder of
the package. Besides 76 pages manual (which explains the usages and the functions of
the code), Gu has 5 papers on the following topics that describe the detailed atomic

physics model of the code:

The Flexible Atomic Code: I. Atomic Structure
The Flexible Atomic Code: Il. Electron Impact Excitation
The Flexible Atomic Code: III. Photoionization and Radiative ecombination

The Flexible Atomic Code: IV. Autoionization and Dielectronic Recombination
The Flexible Atomic Code: V. Electron Impact lonization

The published reference for the FAC code is:
Gu, M. F., Astrophysical Journal, 582, 1241, (2003)
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Relaxation of atomic polarization
by radiation re-absorption

Masanori Nimura, Masahiro Hasuo, and Takashi Fujimoto
Department of Engineering Physics and Mechanics, Graduate School of Engineering, Kyoto

University, Kyoto 606-8501, Japan

Abstract

In a positive column of a glow discharge, a polarized laser pulse produces polarized neon
atoms in the 2po (Paschen-notation) level, and the subsequent fluorescence is observed with
its polarized components resolved. The disalignment rate and the disorientation rate are thus
determined. The populations of the 1s3-1s5 levels are found strongly dependent on the discharge
current, and so are the degrees of radiation reabsorption of the transition lines from 2p; to these
levels. A Monte Carlo simulation is performed by which the disalignment or disorientation rate
by radiation reabsorption for these transitions is determined. These rates are subtracted from the
observed rates, resulting in the rates independent of the degree of radiation reabsorption. Thus,

depolarization due to atomn collisions and that due to radiation reabsorption are separated.

1 Introduction

We start with an ensemble of classical atoms, which are electric dipoles, excited by the
light linearly polarized in the z-direction (called the w-light)}, where we define the direction
of polarization as the direction of the oscillating electric field. The electric dipoles begin
to oscillate along the z-direction. The anisotropy of atomic states produced by such a
directional excitation is called the alignment.

Both the population and the alignment subsequently decay with time. We call the
relaxation of the alignment the disalignment. If this excitation-decay process occurs in
an atomic vapor, the fluorescence radiation emitted by an atom may be absorbed by
another atom in the vapor. In this study, we performed the Monte Carlo simulation
on radiation re-absorption, and determined the disalignment rate due to radiation re-

absorption quantitatively.
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2 Experiment: disalignment

Figure 1 shows the block diagram of our experimental set-up. The excitation light
source is the dye laser pumped by the frequency-doubled pulsed YAG laser. The laser
light is tuned to the A616.4 nm (1s3-2p,). Before entering into the cell, the laser light
passes through an aperture of 1 mm diameter and the Glan-Thompson prism, by which
the laser light is linedrly polarized in the direction perpendicular to the paper of this
figure. We choose this direction as the quantization axis, so the laser light is 7 polarized.
The laser light pulsé is incident on the discharge plasma and excites one of the upper
levels. The analyzing polarizer selects one of the two polarized components, i.e., the 7-
light or the o-light which is polarized parallel to the paper in figure 1. The fuorescence
of the A659.9 nm (1s,~-2p,) transition is selected and its intensity is m_easuréd with the
photomultiplier. The discharge cell consists of three layers. The central discharge channel
has an inner diameter of 5 mm. The surrounding layer is for the purpose of controlling
the temperature of the discharge channel. In the present 'ekperiment, this spabe is filled
with liquid nitrogen, and the temperature of the discharge gas is 77. K. The outer layer is
vacuum for thermal insulation. o . |

Figure 2(a) shows the partial energy level diagram of neutral neon atoms relevant to the
experiment described in this paper. The upper level is one of the ten 2p°3p gonﬁguratidh
levels, i.e., 2p, in the Paschen notation. The total angular momentum qﬁantum number is
J'=1. Lower levels connected by electric dipole transitions are of the 2p°3s con‘ﬁgu'ratiion,
i.e.lsy (J=1), 1s3 (J=0), 1s, (J=1) and 185 (J=2). Since, in figure 2(b), we excite the
{(J=0— J'=1) transition with the m-component orﬂy the magnetic sublevel with m ;=0
is populated among the three magnetic sublevels of the upper level 2p, (J'=1). Since we
observe the fluorescence of the (J=1+« J'=1) transition, this magnetic sublevel emits
only the o-light, as understood in ﬁgure 2{(c). Figure 3 shows an example of the observed
fluorescénce intensities of this component. This figure also céntains the w-component. It
is seen that the w-component is observed with substantial intensities. In this figure,; we
recognize that the relative intensity of the W-cdmponeﬁt to the o-component increases with

time; ¢.e., the degree of polarization decreases. The degree of polarization is quantified in
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terms of the longitudinal alignment

Irr"'Io

AL = m, (2;1)

It is noted that this quantity is proportional to [(ny — n;)/{ng + 2n)|, and decays ex-
ponentially with time. Here ng and n; are the populations of the magnetic sublevels
of the upper level. We define this decay rate as the disaligr}ment rate. Figure 4 shows
the time dependence of the longitudinal alignment (with the sign reversed) as deduced
from the data of figure 3. From the fitted line in' figure 4, we determine the disalign-
ment rate to be (8.940.3) x 10° s~! as given by the closed circle in figure 5. This figure
shows the disalignment rates observed for various discharge currents. It is obvious that
the apparent rate increases with the increase in the discharge current. Under our ex-
perimental conditions the disalignment can be brought about by three mechanisms: i.e.,
by atom collisions, by electron collisions and by radiation reabsorption. Throughout the
condition of Figure 5 the atom temperaturé is virtually 77 K[2] and the atom density
is constant. Thus, the disalignment rate by atom collisions should be constant in this
figure. It is known that electron density is approximately proportional to the discharge
current, which is confirmed quantitatively by the microwave resonance method on simi-
lar discharges[3]. In our present case, electron density is estimated from (3] to be about
2 % 10 m~2 at the highest discharge current. From the measured disalignment rate co-
efficient of (4.141.0) x 1013 m?/s [4], we obtain the disalignment rate of less than 104
s~! under our discharge conditions. This rate is smaller than the observed disalignment
rates by about three orders of magnitude and is well neglected. The third mechanism,
disalignment by radiation reabsorption is the subject of this study. The increase can be
attributed to the effeét of an increase in radiation reabsorption: with the increase in the
discharge current the bopula.tions of the lower levels, 1s; — 1ss, may increase, and, since
these levels are connected by the radiative transitions with the upper level 2p,, as seen
in figure 2(a), radiation reabsorption of these transitions may accordingly increase, and

thereby increasing the disalignment rate of the 2p; level atoms.

-128 -



3 Experiment: lower-level populations

In figure 1, on the opposite side of the discharge cell to the observation direction, a
concave mirror with the radius of 150 mm is placed, and the light from the discharge
plasma. through the slit of the discharge channel wall is reflected back and focused by this
mirror on the plasma itself. The laser beam is absent, and we observe the emission lines
from the dc discharge plasma with the same monochromator and the photomultiplier as
in the previous section. The output current from the photomultiplier is measured with
the digital electrometer (Advantest, R8340). We observe the intensities of an emission
line with and without the mirror. As a measure of the strength of absorption, or of the

optical thickness, of this plasma to this transition line, we define the line absorption as
a=1-(l - Li)/h, (32)

where [ is the observed emission line intensity without the mirror and I, is that with the
mirror. In the optically thin 'limit, « tends to zero, while for completely optically thick
case, it tends to 1. We determine the line absorption of the four lines in figure 2 under
all the discharge conditions in figure 5. The maximum line absorption is about 0.5 for
the A616.4 nm line at the current of 2 mA. The optical thickness was calculated from the
experimental line absorption values. The maximum optical thickness at the line center
was 1.37. This indicates that the plasma is not necessarily optically thin and, thus, the
effect of radiation reabsorption may be substantial. We thus determined the lower level
populations averaged over the discharge channel diameter(6]. Figure 6 shows the result. It
is actually seen that, with the increase in the discharge current, the lower-level populations
increase. We easily recognize the similarities between these current dependences and that

of the observed disalignment rate.

4 Monte Carlo simulation

We simulate the disalignment process due to the radiation reabsorption. We perform

the Monte Carlo simulation on the following assumptions:

1. The spatial population density distribution of the lower level-atoms over the discharge

channel is given by the zero-th order Bessel function{7].
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2.

3.

The initial excitation takes place in the axial region of 1 mm diameter in the plasma
of 5 mm diameter cylinder with infinite length.

The atoms in the lower 1evei and the upper level have the same Maxwell distribution
with 77 K. This assumption is equiva,leht to the assufnption of complete frequency
redistribution(8, 9]. '

The steps of the simulation is. as follows:

1.

The initial state is the m ;=0 magnetic sublevel of 2p,(J'=1), and we follow the
light emission-absorption process for the four transitions given in figure 2(a). If this
step is in the second or later cycle of this simulation in which this atom is produced
by photoabsorption, its state is the coherent superposition of the states of the three

magnetic sublevels.

. We choose one of the transitions according to the transition probability as given in

figure 2(a). In this transition, we treat transitions of (m; < my) to different lower

sublevels separately. We choose one lower sublevel ;.

. Each of the transitions of (m; < my)} is characterized by the 3-j symbol. The

radiation field from each transition is regarded as that from a classical electric dipole.

. For this particular mj, the radiation field is produced by the classical oscillator, the

state of which' is determined. from the states of the upper sublevels. We choose the
direction of the emitted radiation or a photon. Then, the electric field vector in space,

or the polarization state of the photon, in this direction is determined.

. This photon travels over a certain distance and may be absorbed by an atom in the

lower level according to the absorption coefficient. Here the magnetic sublevels are

assumed incoherent and equally populated.’

. An atom in one of the magnetic sublevels absorbs this photon and is excited into

the coherent superposition of the sublevels m, in the upper level, according to the

polarization state of the photon.

7. We return to step (1).

8. We repeat the above procédure until the last photon reaches the wall or the slits. We

register the photons which emanate from the slit of 1 mm width and record the time

~ and the polarization state of each of them.
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We repeat this chain of procedures about 107 times under each discharge condition.

The result is given with the open circles in figure 5. On the assumption that disalign-
ment by atom collisions and that by radiation reabsorption are additive, we subtract this
contribution from the observed disalignment rates. The solid squares show the result.
It is seen that the resulting disalignment rate is virtually independent of the discharge

current, so that this rate, 4.6 x 10% s~!

H

is regarded as the disalignment rate solely by

atom collisions.

5 Measurements of the disorientation rates

We can create the oriented state easily using the same experimental .setup described
in figure 1. We set the Soleil-Babinet compensator, and, made the laser light circularley
polarized. If we take the traveling direction of the laéer light as the quantization axis, the
excited atoms are said to be oriented. The definition of the oriented states and the alighed
states can be seen in many papers. For example, see [10]. We measured the disorientation
rates in a similar way as the measurement of the disalignment rates. The closed circles
in figure 7 show the results. This figure also includes the open circles and solid squares
which represent the simulation results, and the disorientation rates by. atom collisions
respectively. We obtained the disorientation rate by atom collisions to be 8.80 x 10% 57!,
This value is larger than the disalignment rate by atom collisions by nearly factor 2. We

do not have any model that account for this difference.
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Figure 1: A schematic diagramof the experimental set-up. SHG: second harmonic gener-
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Observation of Interference between Stark and Electric Quadrupole Transitions
in LIF from He Atoms in Plasmas
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School of Physics, the University of Sydney, NSW 2006, Australia

Interference between Stark-induced dipole and electric quadrupole amplitudes was observed in a He
hollow cathode plasma with axial magnetic field perpendicular to the sheath electric field £ by
laser-induced fluorescence (LIF) method. Circularly polarized LIF signals were observed in the
‘sheath region.  Spatial profile of the degree of polarization P showed characteristic features of the
interference.  Using theoretically calculated Pe-£ relationship, E-profile was successfully obtained
from the measured Pc.

l-. Introduction

The importance of measuring the electric field E induced in plasma edges which plays an
essential roll in plasma confinement and plasma processing has been well recognised.
Laser-induced fluorescence (LIF) methods utilizing the Stark effect have been extensively
developed to directly measure electric field distributions because of their high sensitivity and

high spatial resolution -[1-3]. There have been,

z

however, few methods applicable to plasmas in a
magnetic field B. We have developed a sensitive
method” to directly measure the electric field in
plasmas by using LIF of helium atoms [2]. In this
technique the electric field can be determined from

the linear polarization of LIF (He I: »'D—2'P)

subsequent to the excitation of forbidden transitions Fig. | Geometry for laser-induced
(He I: 2'S—n'D). This method has been extended fluorescence. e, laser polarization

for the plasma in a magnetic field, such as ECR

plasma, by considering the influence of the magnetic field on the LIF observation {4, 5]. In
ELB geometry, as in Fig. 1, the applicability has been demonstrated by previous experiments

using a cylindrical hollow cathode plasma in the axial B [6].
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When £ is perpendicular to B (Fig. 1), the atomic interference can take place between the
Stark-induced electric dipole and the electric quadrupole (QDPY transition amplitudes [6, 7], as
shown in Fig. 2. This makes possible a new higher-sensitive LIF measurement. The laser

excitation generates anisotropic populations among magnetic sublevels with opposite sign, e.g.

m= +1 and —-1. The anisotropy can be
observed as the circular’ dichroism of LIF
along the magnetic field, which is expected to
be an order of magnitudc higher than the linear
one in sensitivity with respect to the electric
field.

The aim of this work is to show the
existence of the interference in the laser
absorption process and the possibility of higher

sensitive electric field measurements by a
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sublevels of He | when EL1B. S and Q represent

the Stark and quadrupole amplitudes.”

m=1 m=0 m=1 ms2 m=2

§ \ 4D
|s4i2 |s+o|
=/ 2's

mc2

4'p

ma-2

model-type experiment using a cylindrical hollow cathode discharge with the magnetic field

applied perpendicularly to the radial electric field in the plasma sheath.

2. Experimental .

‘The structure of the cylindrical hollow
cathode is depicted in Fig. 3 (a). The He
plasma was produced in a cylindrical hollow
cathode (inner diameterlof 30 mm and length
of 60 mm) made of aluminium, with a '
discharge current of 20 mA at a He gas
pressure of 0.53 Torr. . A magnetic field of
55 G was applied to the plasma by setting a
permanent magnet disk on the central axis
The

cathode-fall potential was observed by an’

(z-axis) of the hollow -cathode.

electric probe to be 220 V.  The cathode has
two rectangular slits (28x0.8 mm?) to

introduce a laser beam into the cylinder and

then LIF can be observed in a region between

—~14mm and +14mm along x-axis.

Glan Thompson
- polarizing beam
splittery

Fig. 3 (a) Schematic view of cylindrical hollow
cathode. (b)Y Geometry for LIF observation. {c)
Detection system of circular polarisation.
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The excitation of forbidden transition (2'S-4'D, 397.2 nm) was made by a YAG pumped
dye laser {397.2 nm) with pulse width of 5 ns. The polanzation direction of laser e, was
. chosen to be parallel e, or perpendicular e, to z (B). The intensities of circularly polarized LIF
(4'D-2'P, 492.2 nm) were observed in the z-direction, as in Fig. 3 (b). The o-light was
separated into left hand /i and right hand /i circular polarization components by a 1/4A plate and
a Glan Thompson polarizing beam splitter (Fig. 3 (c)). Sensitivity of the detection system for
both polarization components was in situ calibrated by using circularly unpolarized 'LIF. The
degree of circular polarization P is defined as follows;

I, +1,

)

The spatial distribution was measured by scanning the plasma vessel in the x direction.

3. Results and Discussion

'Figurc‘ 4 shows temporal circular

polarization components of LIF, I, and I,
observed with an axial magnetic field (B=55G)
for e,-excitation at the negative glow (x=+6 mm).
The observed o-light was unpolarized in the -

negative glow, where only the QDP transition .

Intensity [V]

was excited, since the electric field is negligibly

small. : )
0 20 40 60 80

On the other hand strongly polarized LIF Time {ns]
was observed in the sheath (x=+12 mm) for (8} Fig. 4 Time evolutions of polarization
components, [ _and Ip of 4922 nm
fluorescence excited by !aser polarized in the
Ip is much stronger than /p. This clearly shows  x direction, observed in the negative glow.

e,-excitation and (b) e,-excitation, as in Fig, 5.

a difference in population among the maghetic .

sublevels with opposite sign in the final state of the laser absorption transition, 4'D.  This is due
to the Stark-QDP interference. The pulse shapes also differ from each other. For fg pulse the
width is broader and the peak is delayed with respect to / pulse. The value of Pc is .vergr 6lose
to unity at the onset of the pulse and then rapidly decreases toward zero w1th time. The decay
of polarization is caused by collision of the excited atoms with plasma particles, mainly He
ground state atoms in this plasma: /z predominantly originates from the population created due
to the collisional transfer from m=+1 for (a) and m=+2 for (b). The intensity of LIF observed
for e,-excitation is strong compared with that for e,-excitation. This is reasonably explained to

be mainly due to the difference in the excitation rate by laser as shown in Fig. 2. There is a
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difference in the decay profile of Pc. The decay in case (b) seems to begin with a time delay

compared with case (a). In

case (b) laser excitation creates 0.08 0.08
@ e 2 R (b)e LB
the population in a sublevel 0.06 | x=+12 mmd
with +2 in 4D to emit 7. ~ 00} -l
Subsequent collisional transfer £omf : §
E z
from m=+2 to m=0, -1 or -2 0.00
. . . ) 1.0 T T T
causes depolarisation. The osk F
. 0.6}
collisional transfer m=+2 to 0 o
. . ar 0.2} o
might take longer time than the 0.0 “%";‘%:"% s
. -0z} Hesye.
transfer +1 to 0 in case (a). o4 e _
. . 0 2 40 60 8O 0 2 40 & 8
The spatial distribution of Time [ns] Time [ns]

Pc is represented in Fig. 6. Fig. 5 Time evolutions of polarization components, I and Jg,
and of polarization degree of LIF (492.2 nm) observed in the

Values of Pc are almost 0 in the sheath for (a) e,-excitation and (b) e,-excitation.

negative glow region between x
= .9 and +9 mm, where the macroscopic electric field can be considered to be zero. On the
other hand in the sheath region Pc shows an increase for x>0 and oppositely a decrease for x<0
towards the cathode surface. It is ﬁoted that the Pc-profile has a positive peak for x>0 and a
negative peak for x<0 in the middle of the sheath where the electric field increases linearly.

The observed Pc-profile can be explained by the following theoretical consideration on the

basis of the atomic interference mentioned in Sect. |. In the case of e.-excitation, for example,

using the relative amplitudes of the L0 e . )
transitions described in Fig. 2, the relative 08F Py =033 Torr "o
0.6 [- " e lB 4
intensities of polarization components are 04l o ::/ /B ]
given as, | 0.2 .® 1
2 o 0.0 f——a-0-000-0- 0000000000 O 0————
1, =|S+0, (2) P R ]
2 o4l ]
L=S-9, (3) “r.
~06F o E
Substituting eqs (2-3) into eq. (1), Pc is 048 L.". ]
<
written as a function of §/Q, [P P o " 0 s
__25/0 4 x{mm]
¢ [+ (S /Q)z] : . @ Fig. .6 Radial distribution of degree of
polarization of LIF. The cathode surface is
In a similar way Pc in the case of situated at x = +15 mm.

ex-excitation can be obtained as follows,
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p__ 2850

B

Here, S is the Stark-induced electric dipole transition (2'S - 4'D) amplitude, which involves a

matrix element of the Stark mixing between 4'P and 4'D. Since the matrix element has a linear

dependence on £, the signs of numerators, $/0, in equations (4) and (4’) are changed when the

electric field vector is reversed. Then, P¢ becomes positive (negative) when x > 0 (x < 0).

The ratio S/0 can be related to E as follows,

5/0= 7z E s 9

where C=0.24 kV/cm for n=4 [6]. Putting eq. (5)
into egs. (4). and (4°), the degree of circular
polarization, Pc, is obtained as a function of E.
Values of Pc calculated for e,- énd e;-excitation
are plotted versus £ in the upper part of Fig. 7. A
peak in each Pc curve is situated at an electric field
where S/Q approximately equals 1. Similarly, it
can be considered that peaks in Pc-profiles shown
in Fig. 6 correspond to the positions where
|S/Q|=l. Pc has high sensitivity and wide
dynamic range compared with the case of linear

polarization method as shown in the lower part of
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Fig. 7 Calculated sensitivity of circular

polarization.

Fig. 7[6]. Circular polarization method is higher in sensitivity by one order of magnitude. In

the present case of »=4 it will be possible to measure very weak electric fields of the order of 10

V/em.

Figure 8 shows the radial distribution of
E obtained from the observed Pc profile using
the theoretically calculated Pc—£ relationship
(Fig. 7). Here, values obtained from Pc
observed at x<0Q are also plotted. In the
sheath region the distribution shows a linear
dependence against x. By extrapolating £ the
cathode-fall potential and the sheath thickness
were estimated to be 200+20 V and 4 mm,

respectively. The obtained potential agrees
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with that obtained by a cylindrical electric probe within the experimental errors.

4. Concluding remarks

The interfererice effect between the Stark-induced electric dipole and .thé electric
quadrupole amplitudes involved in laser absorption processes has been observed for the first
time in a cylindrical hollo»;/ cathode He plasma with the magnetic field applied perpendicularly
to the sheath electric field (E.LB). In the middle of the sheath the LIF observed in the direction -
of magnetic field was strongly polarized, which was obviousiy due to anisotropic population
created by laser excitation between magnetic sublevels with different sign, +1 for ez-excitation
or +2 for ex-excitation. The observed radial profile of the degree of circular polarization Pc
also showed characteristic features of the interference. A positive and a negative peak in the Pc
profile were observed in the sheaths located in x>0 and x<0, respectively, The theoretical
consideration showed that the peaks corresponded to the boundary between S<Q and S >Q and
the sign of Pc means the direction of electric ficlds. The radial préﬁle of E was cbtained from
the observed Pc using the theoretical Pc-E relationsﬁip calculated according to our model.
Sheath potential estimated from- the resulting profile of E was in good agreement with probe
measurements. -

It was demonstrated that our new LIF technique using interference of atomic transition
amplitudes had high sensitivity to measure the weak eléctric field of the order of 10 V/ecm for
n=4 and a wide dynamic range of 3 orders of magnitude. It should be noted that the new |
technique enables us to measure the direction of the electric field vector in plasmas, In plasmas
with higher particle density (electrons, ions and atoms), however, the decay of polarization
becomes faster and the LIF waveform is considerably modified by the frequent collisions of #'D
atoms with the plasma particles. In such cases it will beclome difficult to estimate E
straightforwardly from the experimental Pc. To evaluate E accurately, we will need to simulate
the temporal evolution of polarized LIF by using a rate-equation model involvihg the

depolarisation process of oriented atoms
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Abstract

Helium emission lines have been observed on the ECR plasma in a cusp field with the
polarized components resolved. The polarization map is constructed for the 501.6 nm
(2'S-3'P) line emission. Lines from »n'P and »'D levels are strongly polarized and those
from »n°D levels are weakly polarized. As the helium pressure increases the polarization
degree decreases.

1. Introduction ,

In plasma, electron heating which accelerates electrons to a particular direction together
with a trapping of electrons in a magnetic field may make the electron velocity distribution
function (EVDF) anisotropic. Intensity and polarization of emission lines from excited
levels, which are produced by electron-atom collisions, are the result of the EVDF.
Especially the polarization strongly reflects the anisotropy of the EVDF.

Since the propagation of errors from measured intensities to the polarization degree tend
to make its error large, it is difficult to measure a polarization degree less than 0.1. In the
following we report our first observation on a reproducible and stable plasma and
determination of polarization degrees with relatively small errors.

2. Experiment

Figurel shows the cusp plasma generator. Helium gas pressure is from 1.7X 10 to 2.0
X102 torr.  Two coils (900 A) generate a cusp field. The magnetic field is strong in the
outer regions of the plasma. The field strength of the chamber wall near the coils is about
3000 G. The electrons tend to be trapped in the central part of the plasma. Microwaves
(2.45 GHz, 800 W) enter through the upper quartz window into the chamber and generate
virtually stationary plasma for four seconds. The electron cyclotron resonance (ECR)
surface is a spheroid. The stuffer conductor 1s not used in our present experiment. We

have a probe in the camber and it gives plasma parameters. When helium pressure is 1.7 X
3

10" torr the electron temperature and the electron density are 20 eV and 1X10' m
respectively, in the middle.
In front of the lens of a digital camera, we placed a band pass filter (center wavelength
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501.8 nm, bandwidth 1.5 nm, transmitting He I 501.6nm (2'S-3'P) line) and took a
photograph of the area marked (a) in Fig.1. Figure 2(a) shows the photograph. Figure 2(b)
shows the magnetic field lines and the ECR surface. It is seen that the plasma is formed
along the magnetic field lines. We then placed a linear polarizer in front of the camera
system and took photographs by changing the polarization direction of the transmitted light.
Thus, we obtained the spatial distribution of the intensity of four linearly polarized
components Iy, I4s, fog, 1135, the polarization direction of which are 0, 45, 90, 135 degrees from
the vertical direction. We thus determined the linear polarization components of the Stokes
parameters Q = Iy-Igo and U = [4s-I)35. We assume the circular polarization components to be
V=10. From these distributions we determined the distribution of the polarization direction
and degree as shown in Fig. 2(c). The polarization direction is perpendicular to the magnetic
field. This result suggests that the electron velocity distribution is anisotropic: the velocity
component perpendicular to the magnetic field is stronger.

In order to investigate the polarization characteristics of our plasma quantitatively, we
observe several emission lines on the four areas shown in Fig. 2(b) by using an optical system
with a Glan-Thompson prism and optical fibers. Figure 3 shows the side view of the
chamber and the optical system. We observe the plasma by four lines of sights (LOS 1, 2, 3
and 4). The LOS 4 is near the ECR surface. The emission radiation transmitted through
the quartz window is resolved into two. linearly polarized components (1 component parallel
to the magnetic ficld and ¢ component perpendicular to the magnetic field) by the
Glan-Thompson prism and focused on the four pairs of optical fibers (core diameter ¢400 pm,
length 8 m) by a lens (/=50 mm). The exit light from the fibers enters through the entrance
slit of the spectrograph, (Nikon G500, f 500 mm, grating 1200 grooves/mm, F/8.5) resolved
and recorded by the ICCD, , : ‘

Figure 4 shows an examples of the spectra for the helium pressure of 1.7X 10 torr. The
left panel i1s for LOS 1 and the right one is for LOS 4. The n components are displaced to
the right. The lines included are 492.2 nm (2'P-4'D), 501.6.nm (2'S-3'P) and 504.8 nm
(2'P-4'S). The upper level of the 504.8 nm line is a 'S level, so that the emission is never
polarized. Apparent different intensities for this line are due to different sensitivities of our
detection system for the polarized components. We calibrated our system by using a
calibrated standard irradiance lamp and a white reflectance standard. It is seen that other
two lines are polarized.

3. Analysis

The spectra shown in the left-side panels of Fig. 5 are LOS 2 observed at different
helium pressures. In the lower graph the helium pressure is higher. From these spectra we
determine the longitudinal alignment 4, = (/n-I5)/(Iz+2{s) to quantify the polarization degree.

- 145 -



We repeated the measurement several hundred times and obtained the histograms shown in
the right-side panels of Fig.5. The unpolarized line is used to determine the zero point of the
Ay scale.  Asthe helium pressure increases the polarization degree decreases.

We now examine these distributions in detail. The histograms follow quite well the
normal statistical distribution, and the dispersion depends on the line intensity. Intensity of
the 501.6 nm line is higher than others, and the dispersion of this line is smaller. This is
consistent with statistical fluctuations of photon numbers. Since we have enough numbers
of experimental data, the statistical uncertainty is quite small. If the polarization itself
fluctuates, the central value should fluctuate, and the dispersion should be wider. In our
experiment, intensities of the polarized 492.2 nm line and unpolarized. 504.8 nm line are
almost equal and the dispersions of their distributions are essentially the same. We can
conclude that the polarization degree is quite reproducible, which means that the anisotropic
distribution of electrons is quite stable. .

In Fig. 6 we plot the pressure dependence of 4. for all the LOSs.  Statistical uncertainty
is smaller than the size of the symbols. Here we note the three points. First, with an
increase in the helium pressure A4, comes close to zero. Sécond, Ay of the 492.2 nm line is
almost the same for all the line of sights. Third, Ar of the 501.6 nm line is larger outside
than close to the ECR surface. _

Figure 7 shows the energy level diagram of neutral helium and emission lines for which
we determined intensities and 4rs. The emission lines represented by the broken line are
those the 4, of which is calibrated with an unpolarized. line from a 'S level.. The AL comes
from the alignment, or the population imbalance among the magnetic sublevels, of the upper
ievel population. Figure 7(a) shows A, with bar originating from the position of the upper
levels of the emission lines. All values are negative. Emission lines from 'P and 'D levels
are strongly polarized and those from triplet levels, especially from higher excited levels, are
only weakly polarized. The line intensity itself is another important quantity. The intensity
comes from the population of the upper level. We determine the population, n, with /p+2/;=
n(P) Xpg Apg. Here Xy, is the photon energy and A,, is Einstein’s A coefficient. Figure 7(b)
shows the distribution of populations in the log scale. Population has been divided by the
statistical weight. |
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Polarization of ECR Helium Plasma and Population-Alignment
Collisional-Radiative Model
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Graduate School of Engineering, Kyoto University, Kyoto 606-8501, Japan

Abstract

A population-alignment collisional-radiative (PACR) model for neutral helium, He [, atoms
has been developed. The PACR model correlates quantitatively the intensity and the polarization of
emission lines from atoms and ions in a plasma with an anisotropy of the electron velocity
distribution function {(EVDF). The alignment production from the ground state, 152 'S,, and
metastable levels, 1s2s 'S, and 152s, 381, is considered. An EVDF of electron cyclotron gyration
around the magnetic field lines is represented by a Satum-type anisotropic EVDF which has higher
values in the perpendicular direction to the magnetic field lines than in the parallel direction. An
oblate Saturn-type EVDF explains negative longitudinal alignment of the emission lines with respect
to the magnetic field lines.

Introduction

We have measured the absolute intensity and the polarization degree of
emission lines for various transitions on a cusp plasma[l]. In the plasma, helium
atoms are excited by electron impact. Intensity of emission lines is proportional to the
upper level population, n(p). Polarization degree of emission lines, or the longitudinal
alignment, 4, which we employ to quantify the polarization, is proportional to the
upper level alignment divided by the population, a(p)/n(p). If electrons with a thermal
or Maxwell distribution excite the atoms, in other words, electron collisions are spatially
isotropic, we will have no polarization, i.e., A.=0. Anisotropic excitation, on the other
hand, would produce alignment a(p) on the level. The intensity and the polarization
tell us how the upper level population and alignment are created by electron impact.
The Population-Alignment Collisional-Radiative (PACR) model is a theoretical
framework which relates the experimental observation to the anisotropic EVDF in the
plasma. We consider an ensemble of atoms in the following situation. (i} Axial
symmetry is present around the z-axis, the quantization axis. (i1} There is no coherence
among different Zeeman multiplets. (iii) Electric and magnetic fields are absent. The
magnetic field strength of the cusp field is 3000 gauss at most. The Zeeman splitting of
the level of He is 1.2 GHz at 875 gauss of the 2.45 GHz microwave ECR spheroid.
These magnetic fields play the role of realizing the axial symmetry of EVDF and
defining the quantization axis in this model.
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For quantitative evaluation, we need extensive cross section data for various
transitions which are beyond the standard cross section data. Fortunately, a couple of
theorists provided us with cross sections for some essential transitions in our model.

Population-Alignment Collisional-Radiative model

Excitation cross sections by electron impact and the polarization degree of
radiative transitions on He 1 are examined e.xpcrimentally and theoretically[2-6].
Csanak and Cartwright presented on the basis the relativistic distorted wave
approximation (DWA) the polarization degrec[4] or the alignment production cross
sections, Qom, [6] for various transitions: i.e., from the ground state, 2'S and 23S

“metastable states to upper singlet and triplet, P and D states of principle quantum
number # up to 5 or 6. It is shown that the polarization degree depends weakly on
principle quantum number n[5].

Figure 1 shows an example of the experimental observations of pélariiation on
helium atoms; the atoms in the ground state are excited by a beam of"ele'ctrons. The
polarization degree, P, of the 1'S - n'P emission lines in the VUV region is determined.
At the threshold energy, just above 21.2 eV for 2'P, the polarization degree tends to 1.
It gradually decreases with the increase of electron impact energy. Then the

08

06

o 105 765 300 300 500
ELECTRON ENERGY (V)

Fig. 1. Polarization of the He I (1 1S0 - 1P1) line excited by
a beam of electrons. Experimental data by several workers
and compared with theoretical calculations (Quoted from
. 131, _
polarization degree crosses the zero line at 380 eV. The solid line is the result

presented by Ref. [5], which réproduces well the expériment. From the polarization
degree P or longitudinal alignment, 4, = 2P/(3-P) the alignment production
cross-section Qom is obtained from the ngo and A substituted into the equation[8]
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L +L L 2 - 00
0 (r, p)=(-1)" ’J%(ZL,,H){L; ! L} A (p,9)0; (v, p), (1.1)

where {} is the 6-f symbol. For n'S « m'P emission line, Eq. (1.1) is simplified to

s = —\EAL(K PO (1.2)

We use the excitation cross section, Op"", data presented by Ralchenko et. al.[9]. For
n=2,3,4,5, and 6, Q92° cross sections are calculated from[5] as shown in Fig. 2.

10°% ] 102k
22 .
107 F N 107
N’-\ -_2 1 Nﬁ
E Q g
& VY oy
s [ 3
o -t Cho®
g s ||‘l" 8 >
puT] \ ‘|'|' I ] ']
SALUR
Vit /
\\‘.‘u‘“ 'Ia' O S,
‘|||. 'Ir Ry
10'24 \“':I lllll"l’ p 10-25
‘|I||‘| ,',"l’ 6
Wi+
!‘:..Ilp: (
¥
¥
.25 N K NI
107 = - X 107
10 10 10 10 10° 10’
. energy/eV | energy/eV .
Fig. 2. Excitation and alignment production ~ Fig. 3. Excitation and alignment production

cross sections, Qooo and Qozo, from the 1 'S  cross sections, Qom ng, from the 1'S level
leve! to n'P levels. Thick solid curves: Qo™

to 4 'D level. Thick solid curve: Q%
Ralchenko el. al.[9] ,. Thin dashed curves: Ralchenko el. al.[9], Thin dashed curves:
00 Csanak and Cartwright[5]. Marks O

00 Csanak and Cartwright[5], Dotted
and A: 0, and Q,*° Bray(7). curves: Op®° McFarland [2). Marks Oand

A: 0" and Q,” Bray[7].

The dashed curves represent the alignment production cross sections, 00,

which change their sign from negative to positive. Recently, Bray provided
magnetic-sublevel-resolved cross section data for excitation from the ground state to 3'p,

4'p, 3°p and 4°D, from the 2'S metastable level to 3'P, 4'P, 3°P and 4°D, and from the

2°S level to 3'P, 4'P, 3°P and 4°D [7] calculated by the Convergent Closed Coupling
(CCC) method. 1n Fig. 2, circles and triangles represent 0% and 0® which are
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deduced from the CCC sublevel-resolved cross sections (), ,,, ., [8] for transition o/
«—a'Jorr—p
' 1

00 _ _
0 (r’p) - (2Lr+]) A;'QHLM,Q'L'M' 3 (13)
20 - - 1 _1yL-M _

0 (r’ p) - (2L'+1) ;,( 1) (LLM M|20) QaLM.a'L'M' 2 (1‘4)

where (LLM-M|20) is the Clebsch-Gordan coefficient. For electron impact

excitation on an electric dipole transition, 1'S— »'P, no significant difference is
observed between the results of DWA and CCC. We now look at 1'S—n'D excitation
cross sections as shown in Fig. 3. From the theoretical polarization degree calculated
by DWA [5], the alignment production cross sections Qp”® are obtained as shown by the
dashed curves. The experimentally observed polarization leads to Q02° shown as
dotted curves[2]. The cross sections Qp® and Qy*° calculated by CCC are plotted on
the same graph as circles and triangles, respectively. The experimental polarization
agrees well with the CCC calculation. For other n'D states, we assume that the
polarization degree, or 4y, is independent of the principle cjuantum number # and then
we use the polarization[2] and the 0, function proposed by Ralchenko et. al.[9].

We consider the second element of PACR model, the electron velocity
distribution function (EVDF) in plasma; an anisotropic EVDF on the assumption of axial
symmetry is expressed by f(v,6). We expand the EVDF in terms of Legendre

polynomials, o

f(v,ﬂ),=;fx(v)Px(COS 6) (1.5)

with |
F2@)=[(2K +1)12] [ £(2,6)P (cos B)sin 0 d8 . - (1.6)

As a model of the EVDF accelerated by the ECR microwave, we adopt the Saturn-type
distribution expressed as

3/2 ’

| m Mmoo,

v, =2n—- exp| — v
J©0 1+4 (znkaTeth J p[ 2kg T ]

+2n]iArexp{— i (02 ~-20V, sin6’+Vrz)}

(1.7)

+§' Ber

where 4, is the normalization factor for f f f(v,8)0’sin@dfdv =1, m is the electron

mass and kg is the Boltzman constant;
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L :[—-——27&’32‘} exp(—- m¥;’ J%[znkBT“jﬂ;} l+Erf{ T Vr] . (1.8)
4 m 2mky m 2nk, T,
The first line of Eq. (1.7) represents the thermal bulk component and the second line
represents the cyclotron gyrating electrons, which may be called the ring component of
the Saturn-type EVDF. The variable electron temperature parameters T and T, are
for the thermal and ring components, respectively. The ratio of number density of

these components is &. The displacement of the ring component is given by /.
Exmaples of the EVDF are plotted in Fig. 4.

)

Fig. 4 Examples of 3D plot of EVDF f(2,6) (a) Maxwell: T, =20 eV, no

ring component §=0 (b) Anisotropic Saturn-type: Tun=10 eV, T, =10 eV,
V=2.6x10°m/s, = 1.

The rate coefficients C* are defined for transition r — pas,

C*r,p)= {OF (. PRS0 do (1.92)
C*(rp)= [0, p)% £, ()0’ dv (1.9b)
C™r, )= [0 )3 A0)0" (1.9¢)
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2
C?(r,p)= [[ (. p)+ O} (r,p)+Q§2(r,p)]§fo(v) v’ dv
22 2 3

+ 1203, p) + QP (r, ) - 20; (r,p)]—jg(v)v dv . (1.9d)

+ [[605(r. p)- 402 (r, p) + 02 (1, p)]ﬁﬁ(v)v dv
When the excitation originates from an $ state, there are no ", Qo*® cross sections.
Thus neither C* nor C* component appears from the S level. The Legendre expansion
coefficients of EVDF, f,(v,8)v° (k=0, 2), are plotted in Fig. 5(a) for parameters; Ten
=10 eV, T, =10 eV, 6= 1 and three different values in ¥; . The peak position of
v’ f,(v) moves with the increase of ¥,. The shape v’ f,(v) of ¥, = 2.6x 10° m/s is quite

similar to that of the Maxwell distribution of 20 eV. The ¢’f,(v) contribution to the

alignment production rate coefficient C** increases with the increase in ¥,. Fig. 5 (b)
and (c) shows 0", 0% for 1'S—3'P and for 1S—4’ D, rcspectwely We can see that
dependence on EVDF is different for individual transitions.

Fig. 5. (a) Legendre expansion terms of the EVDF,
£ (v,8)0’ (k= 0, 2) for three different values of ¥,
and Tun=To= 10 eV 5= 1. Solid curves: ¥, =
1.8x10% m/s, 10 eV. Dashed curves: ¥, = 2.6x10°
m/s, 20 eV. Dash-dotted .curves: V.= S.éx 10° m's,
40 eV. Dotted ‘curve: Maxwellian (20 eV) for

AT

v'f(v)

comparison,

Cross sections for (b) 1'S—3'P and for (c) 1S—4'D.
Bray[7] Oo® (O) and 0y (A).  Solid curves: 0™
Ralchenko et. al.[9], Dashed curves: ngo Csanak and
Cartwright[5], Dotted curve: (™ McFarland[2].

QOOG, Q02D (1 0-22 ml)

QUDO, Q020 (10-23 m?.)

velocity (10°ms™)
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We allocated two quantities, population #(p) and alignment a(p) to each level p. We
have a set of rate equations for the population and for the alignment,

dn(p)/dr =3[ C¥(r, p)n, + A(r, p)] n(r)

_I:{Zcoo(p,r)+8(p)}nc +ZA(p,r)]n(p)

+Y C%(r, p)n.a(r)

r£p

—C™(p, p)n.a(p)

(1.10a)

da(p)/dt=> C*(r, pynn(r)

rap

—C*(p, p)n.n(p)
+ Y[ CP(r, pyn, + 47 (r, p) |a(r)- (1.10b)

rep

_[sz(p, pn + Z A(p,r)}a(p)

rop
The first two lines on right hand side (rhs) of Eq. (1.10a) are the conveitional rate
equation for popu]afion. We have no cross section data Qg for the rest of two terms
in Eq. (1.10a), so that we neglect Cm_(r, p)and C%(p, p). Concerning the rate equation
of the alignment, the first line on the rhs of Eq. (1.10b) represents the production of
alignment in this level p from pdpulatidﬁ in other levels r. The second line, the
alignment production by elastic collision C*%(p, p) is not included in the present
caloulation. A quantum-mechanical formula for the alignment creation cross section
has been derived by Csanak et al.[10]. Tt is expected to be small. On the third line
the alignment transfer C**(r, p) by electron collisions is not included. Alignment
transfer by radiative decay and decay of alignment are included. '

Under the steady state conditions, the population and alignment are determined
by solving the two sets of rate equations. The intensity fy of the emission line for p-s
is proportional to the population

]
arxl?
When we observe the emission line from the direction perpendicular to the quantization

I n(p)A(p,s)he. | (1.11)

axis, it is also given as
JO=§(1n+210), | (1.12)

where /_ and [ are the intensities of the polarized components of the line [11].  We
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employ the longitudinal alignment

I -1 '
B (1.13)

A =
boroe2l,
This quantity is related to alignment a(p) and population n(p) by
A (p,s)=(~ 1)L *h ((u - a(p) (1.14)
1 L n(p)

For the triplet state, the fine structure causes depolarization effects. When radiative
decay rate is much smaller than the fine-structure splitting, which is the case for the
2’S«—n’P transitions observed in the cusp experiment, the longltudlnal alignment is

given[12] as

= _ Lo+l i LP LP 2 .‘@
AL(p,s)—yG(LP)Z( 1) \/;(ZLPH){] IL;}n(p), (1.15a)
where -
£,J,s,) | |
(LP)K » 2S {Jp L K} . (1.15b)

Figure 6(a) and (b) shows the alignment over population, a(p)/n(p) and
population density, n(p)/g(p) plot assuming Saturn-type EVDF for the parameters; Toy, =
10 eV, T = 10 eV, ¥, = 1.88x10° my/s , &= 1. The population distribution is
normalized at the 3'S level to the observed one. From the experimentally observed
intensity /o and longitudinal alignment A, on the cusp plasma, we plotted the alignment
over population, a(p)/n(p} and the population density, n(p)/g(p), distributions in Fig.
6(c) and (d), respectively against the effective quantum number n* of the level. Two
additional factors are included in our PACR model for the population distribution. The
first i1s the diffusion of metastable atoms out of the plasma and the second is the
radiation trapping or radiation re-absorption of the 1'S-n'P emission lines. We find
from the collision mean free path and the diffusion coefficient that the 2°S metastable
atoms diffuse out of the plasma. In order to take this effect into account we reduce the
metastable population by a factor of ten. Then the triplet S, P, D populations decrease
as shown in Fig. 6(b). The population distribution becomes close to that observed.

Since the Zeeman level splitting of 2'P level at 875 gauss' at the ECR resonance
is smaller than the FWHM of Doppler line broadening, emitted photons from the 2'P
and 3'P to 1'S may be re-absorbed by ground state atoms. Then this atom emits another
photon. This emission-absorption process may be repeated several times. As a result of
this chain of processes, the effective 4 coefficient is reduced. We approximate this
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reduction by introducing the escape factor go. The population and emitted radiation
intensity decay with go4. The 2'P and 3'P level populations are increased. The
population distribution obtained in Fig. 6(b) is found similar to that of the Maxwell
distribution of T, = 20 eV.

' We have taken into account the radiation trapping for population. For the
alignment, we also consider relaxation of atomic polarization by radiation re-absorption.
We use D’yaconov and Perel’s formula [13] to estimate the y; for 2'P and 3'P levels and
0.87R are used in the formula according to the result of numerical simulation by Nimura
[14] where R is the radius of the plasma. The alignment destruction rate y,q is the sum
of the disalignment rate y, and the depopulation rate yo: Yaa= Y2 +Yo. We thus add the

rate cocfficients of alignment destruction as C*(p, p)n, +ZW A(p,r)+y, in the

fourth line of rate equation, Eq. (1.10b). This relaxation effect of atomic polarization
by radiation re-absorption reduces a(p)/n(p) of both the 2'P and 3'P levels.

Figure 6(a) and (b) is the result of the PACR simulation where we use a
combination of the cross sections of DWA and CCC. We used CCC cross section data
for transitions 0o and 0" from 1'S, 2'S or 2°S t0 3'P, 4'D, 3°P or 4°D levels.

0.10 (8) T ———— 0.10 (c) T T T
0.08} PACR | 0.08F »'p , Exveriment
S 0.06 . 3 0.06} ”‘P -
% 0.04 S 00af 2D -
S 0.02F-7 g 0.02F ,p .
0.00 - 0.00
-0.02 == e -0.02 (d). 2 ————
0" =
— o~ 3
o “ e nP
E E |
: g P nS
]
- F %"’“ E NS
% = o F n]D . ]
o 5D ]
10 . . . PR
107, T 4 5 6 7T 8¢

n* n*

Fig. 6 (a) Observed alignment over population, a(p)/n{p), distribution derived from
longitudinal alignment. Abscissa is effective principle quantum number, n". (b) Observed
population density, n(p)g(p), distribution. (c) Simulated alignment over population
distribution by PACR model. The EVDF is Saturmn-type defined by eq. (1.7). (d)
Simulated population density, n{p)/g(p), distribution.
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The alignment over population a{p)/n(p) of n’D obtained by PACR model simulation is
negative or close to zero except for 4°D, only for which we use the CCC cross section.
Production of the population and the alignment in the »’D level has two dominant
contributions, ie., from the ground state, and from the 2’S metastable state. We
compare Q0™ and 0™ from CCC and DWA from the 1'S and the 2°S to 4°D as shown
in Fig. 7. For the 1°S-4’D transition, the absolute value of CCC 0™ is two times
larger than that of DWA, and both DWA and CCC give Q0™ negative values. The
Legendre expansion term v*4(v) of the Saturn-type EVDF is ne_gative. Then the rate
coefficient €2 which is the integration of the product of Qp™® and v’f(v) over the
velocities gives a positive alignment on the 4°D level from the 1'S level. On the other
hand 2°S-4°D transition, DWA cross section gives positive alignment and CCC cross
section is negative near the threshold.

N’E‘ " (@ If we adopt the CCC cross section, the
5 10f rate coefficient. C*° gives a positive
8 alignment on the 4°D level from the
&.9r 2’S  level. So the alignment
gcf 0.0 production from both the 1'S and 2°S
) levels is positive. On the other hand,

if we employ the DWA 0u°, which is
positive, the rate coefficient C*° gives

negative alignment on the 4°D level
from the 2°S level that is opposite to
the contribution from the 1'S level.
The alignment production from the
2°S level is larger than that from 1'S
level, and then the alignment of 4D

level becomes negative. In order to

velocity(106m/s) be consistent with the experimental

observation and the assumed EVDF

Fig. 7. Cross sections for (a) 1'S—4°D and for {c) is the CCC Qom Cross section is

2’S—4’D. Marks (o and a): G and 05°° CCC by preferable. In order to be more

Bray[7]. Solid curves: 0" Ralchenko et. al.[9]. quantitative, we need many cross
Dashed curves: Qg™ Csanak and Cartwright[5]. secttons which are of high quality.
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The 19.6 nm x-ray laser line due to a 3p - 3s, J=0—1 transition in Ne-like Ge
ions was found to be polarized parallel to the target plane with a degree of polar-
ization of -53 % by Kawachi et al. (1995). They interpret it as a consequence of
an unbalanced population of the 3s magnetic sublevels. Kieffer et al. (1993) have
shown that, during plasma heating, some electrons could be accelerated prefer-
entially in'the same direction as the pump laser. In the present work, we shall
show that such anisotropic electrons can give a small difference in populations of
the 3s sublevels. The 3s level spontaneous emission to the ground level is linearly
polarized and can be reabsorbed by the Ne-like ion ground state which amplifies
the population of the 3s levels, as well as it increases the different sublevel popu-
lations. The 3p-3s laser amplification depending on the 3s level population starts
unpolarized but becomes progressively polarized when the difference between the
upper and lower level populations decreases up to the laser saturation.

1. Introduction

From linear polarization measurements, Kieffer et al. [1] have shown, that some
electrons could be accelerated in the same direction as the pump laser, during
plasma heating. Later on, Kawachi et al. [2] have found, for Ne-like germanium,
that the 3p - 3s J=0—1 x-ray laser line was strongly linear polarized with a - 53
% polarization degree-(the sign corresponding to the direction of the electric field
: 4100 % for the direction of the pumping laser, -100 % for the perpendicular
direction). They interpreted it as due the Doppler effect which could play a role
on the radiation trapping of the line from the 2p®3s level to the-2p® ground level,
this trapping increasing the 3s sublevel populations as well as unbalancing them.
Since these populations are far from being negligible compared to the 3p sublevel
population, the amplification of the 3p - 3s lasing line depends on them and it is
polarized due to the unbalance population of 3s sublevels. Using a simple formula,
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Figure 1: Schematic diagram showing the geometry of the system.

Benredjem et al.[3} estimated the elastic cross-sections between 3s sublevels and
found it so large that the sublevel populations differences should be destroyed by
electron collisions. Later on, Dubau et al. [4], did some quantum calculations
which gave smaller elastic collisional rates (see Tab. 1).

Meanwhile, Cornille, Dubau and Jacquemot [5] have calculated several atomic
data for the excitation of Ne-like ions for x-ray laser studies, in particular for Ge.
In their calculations the projectile electron was assumed to be isotropic. Later
on, Benredjem, Sureau, Cornille and Dubau [6] have used these data to model the
Ge x-ray laser, using the Bloch-Maxwell code developed by Sureau and Holden
(7).

2. Geometry of the experiment

Fig. 1. illustrates the geometry of the experiment. The pump laser is inci-
dent perpendicularly to the Ge-slab, and the x-ray laser is observed parallel to
the slab. We suppose free electrons are heated by the pump laser by inverse
bremsstrahlung, a few percents of them being anisotropic. In the plasma, at any
point, we suppose that the electron distribution has some axial symmetry, around
the pump laser direction, keeping in mind that most electrons are isotropic and
thermalized. :

In the present study, we consider a very simple collisional radiative-model
including only 3 levels : the ground level (g), 2p® J=0, the lower level of the
lasing line (1) 2p®3s J=1 and the upper level of the lasing line (u} 2p°3p J=0. At
the beginning of the plasma heating, there are not enough emitted photons to be
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either absorbed by the ground level or to induce emission of the lasing transition.
At that time, the photons are therefore only produced by spontaneous emission.
To model electrons accelerated by the pump laser, the best reference axes are
€x, €y, €, the ones with z axis perpendicular to the Ge slab. Indeed, as long
as photon absorptions or inducing emissions are negligible, the density matrix is
diagonal in this referential, denotated by L:

in\;ijJ =6M5 My NMJ? (1)

N, being the population of the sublevel M; and S M, the Kronecker symbol.
Futhermore, the populatlon does not depend on the sign of M.

P+1 +1= =pt 1-1 (2)

T, (keV) 0.2 0.3 0.4 0.5

Cug 1.60(-2) 1.24(-1) 3.31(-1) 5.84(-1)
Ciq 3.36(-4) 2.43(-3) 6.38(-3) 1.13(-2)
Cla 5.82(1) 4.93(1) 4.41(1) 4.06(1)

Co+ 9.99(-1) 7.73(-1) 6.07(-1) 5.14(-1)

Table 1. Rate coefficients (in units of 10~!! cm3/s) for excitation (g — u, g — 1),
i.e. Cyy, Ciy, de-excitation (u — 1), Cy, and “elastic” (I, M; = +1 = {, M; = 0),
Co 4+, transitions for thermal electrons of temperature T;

3. Collisional radiative model (CRM) at the begmmng of the x-ray
laser process

If we neglect ionization and recombination, the CRM includes only level tran-
sitions inside Ge Ne-like ion, due to electron excitation {de-excitation) and spon-
taneous radiative decay. In a given plasma point, we also assume the electron
distribution, heated by the laser by inverse bremsstrahlung, is axially symetric
around the pump laser direction. As already pointed out, the most convenient
quantization axis z is then the direction of the pump laser (&, €, €,) The CRM
can be directly applied to the sublevels, as it is usually done for levels. We shall
use the 3 levels approximation shown in Fig. 1: the ground level (g), J = 0,
the lower level of the lasing line (1), J = 1, the upper level of the lasing line (u),
J =0, They are 5 sublevels : “u”, i.e (u) M;=0; “+”, t.e () My =1; “0", i.e
() My =0; “=7,ie (1) My = —1; and “g”,i.e (g) M;=0.

d
pmm Z Bmﬂ pnﬂ (3)
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Figure 2: Collision strengths, )y Q,, from the ground level (g), J = 0, to the
sublevels, |M;| = 0,1, of the lasing line lower level, (1), J = 1, for beam electron
along €,. The total collision strength is 2 =y + 2

In Fig. 2, are presented the collision strengths for beam electron along the
z axis, to be used to calculate C , = C. 4 and Cy,. We see that these collision
strengths can be very different, i.e. £y # . The spontaneous decay rates are
respectively : A7, = 1.653 102571 and A], = 2.01510" s~!. In Table 1, for
isotropic Maxwellian electrons, are given excitation/de-excitation rates, as well
as “elastic” transition rates between [ sublevels 4] : Co; = Cyg = Ch_ = C_,.
Due to a small energy difference, excitation/de-excitation between excited states
u and { are dominated by low energy electrons which are thermalized electrons,
whereas excitations from the ground level require larger energy electron which can
still be non-thermalized. Including these data in Eq.” (3) we get : (p=_ = p3,)

dot | ‘
% =N, Cyy p-s}-g — (A7, + N.Ciu) pisus (3.1)
dpy 4 L Lo b L
i NeCrgpgg+ NeCropye + 3 (Al + NeClu) i
~(Ag + Ne Cos)py 4, (3.2)
dpyg L L Lo -
T = Nc COg ng + 2Ne CO+ Py + 5 (A“‘ + Neclu) Puu
~(AT, + 2N, C.ro) P, (3.3)
4
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AM=90 AM=*1

{ipole:

Figure 3: Angular distribution of the emissivity AM = 0, ¢an(8) =
3sin’(#) /87, and AM = %1, ¢am{(8) = 3(1 + cos®())/16m, between the lev-
elsfJ=0and J=1

dpJ_ : .
Tig = A;z (2 Pi+ + Pé'o) — N, (Cuy +2 C+9 + Cog) P;g- _ (3.4)
4. Emissivity

We are interested by the emissivities of 2 lines : (u) to (1), and (1) to (g). The

angular distribution of the emissivity is not isotropic. It depends on the AM
transition, either AM =0 or JAM|=1:

r 4 ‘ al :
o srary) taam))(0) = Alw 1y n C!{fjjl\dj—Mj—MJ N:(m ) pan(8): (4)

Cf;:f:fz » 18 a Clebsch-Gordan coeflicient. For the present model :

(o+u=) - eu=3ALehdama®, @)
(+ {ou-) - g) ' €91 = Ay pi+ Prami=1(0), (4.2)
(u—0) =g ALt danald),  (13)
(0 - g) €0 = ATy Pt Sam=o(6). (4.4)

In Fig 3., are shown the 2 angular distributions @a(9), foi |[AM| = 0,1
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From now on, we shall only consider the radiation parallel to the Ge-slab,
i.e. along & = FE,, For convenience, we define z = ct. During x-ray laser
amplification, the radiation from (1) to (g) is absorbed by (g}, and the radiation
from (u) to (1} is amplified by (u). But, at the beginning, photon absorptions
or inducing emissions being negligible, only the emissivities contribute to the
Stokes parameters of a line. In the present case, it can be proved that only
2 Stokes parameters are non-zero : the intensity I(v,z) and the (first} linear
polarization @Q(»,z), where v is the photon frequency. Usually in hot plasma,
the most important line broadening effect is Doppler effect. The line profile
function £(v) is taken normalized (f£&(v)dv = 1). A is a small solid angle
(= 10 millisteradian) [6]:

2 hun2) = a7 = 0 ALy ol hra (0 = o), (51)
%QIu(V’ z) = €, (v,2) = 0, | (5.2)

2 L) = i) = 200 5 (b + ot i), (59
%Qgt(""z) = f?;(”a z) = %91451 (Pro — £% +) hvgi§(v — vgr). | (54)

The linear polarization degree is defined as:

Qv z)
I(v,z) | (6)

P(v,z) =

From Eq. (5.2), we see that, at the beginning of the laser amplification, the x-ray
laser line (I u) is not polarized. But, if pg, # pi ., the resonance line (I — g) is
linearly polarized.

5. Change of reference axes"

The definition of the sublevels depends on the choice of the quantization axis,
z. These sublevels are therefore different if the axes are rotated. (L : &,¢,,¢,)
(| : E‘;,E}, E,). The sublevels of, J = 1, M; = —1, 0, +1 are therefore
different in the 2 sets of axes. It is possible to pass from one set to the other by
2 successive rotations of 90°: the first one around &, €, — E;; the second one
around E,. The new sublevels are a linear combination of the old ones [8]:

(u) 1 0 ] 0 0 1 0 0 0
(—1) 0 3 +5 3 O 0 exp(iZ) 0 0
(n{ ® R=|0 -% o +% oflo o 1 o
(+1) o+ -4 1 0 0 0 0 exp(—i})
(9) o 0 ¢ o0 1/ \0 0 0 0
6

- 168 -

[ e J e i e R o



d 0 0 0 0O d 0 0 0 0
0 a 000 0 e 0 5% 0
L = ‘
po=|0 0 b 0 O = p 0 0 a 0 O
0 00a O 0 %° 0 Y2 0
0 00 0 f 0 0 0 0 f
where: d = pl,; f=pl; a=pt, =pt_; b=pf,.
dpl dpt .
Il = Rpt R* — =R ~—R"
p=ReRT = dt ™
We see that :
P!—_P++,P"+_P”
Using (3.1-4) and (7), we obtain:
dpls [ r I
dt ZNBC"!Jpg_q_(Atu"'NBCT'ﬂ) Pyur (8'1)

dp! 1 ‘
—fﬁ_N M _(A{u-t_NeC!ﬂ)puu Arlpl-l-+—NeCO+pl-!-—! (82)

d ~ F 2 p29+3

%zNeM |~ 47,0 —3N.Corpl (8.3)
W0 _ N ol vaN. Col + (AT N.Cr) A — AT (8.4)
n eCigPyg e Cos Py — 3 A elilu 1.000,

dﬁ%g = AL (pho + 2% 1) = Ne(Cug +2C4 o + Coy) ol (8.5)

6. Radiative transfer
In this section, we suppose the photons can be absorbed or can stimulate
emissions. The equations (4.1-4) are replaced (see [9]) by:

%I‘“.(V’ z) = e{,{(v,z) — Klu(u z) I (v, z) — Iu(1/ z) Qu (v, 2), (9.1)

B%Qm(u, z) = eg(u, z) — K,u(u z) Qu (v, 2) — K 2(v, 2) 11, (v, 2), (9.2)
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2 1) = y(,2) — Kl ) I(v,2) = KQ(2) Qulir2),  (93)

%Qg,(t/, z) = eg(u, 7) — K;,(u, 2) Qqu(v, z) — Kﬁ(v, z) Iu(v, 2). (9.4)

The emissivities have already been defined in (5.1-4). In [9], the expressions of
the opacities K7 and K9 are given:

2 Al
Ki= = =2 (e — ) 60— ma), (10.1)
lu
Z Al '
K32 = yo y;‘ ol _ (v — ), (10.2)
{u
32 A
Ky = e Vy[ (ol — AL +) £ - Vgt) (10.3)
3c2 AT '

gI
Now we include the effect of radiation in the right hand 51de of equations
(8.1), (8 2) (8 3), and (8.5).

9’%3:.. 2 ._pﬁu)A”u/%%ﬁ(u—mu)dr./

e [ ey yya, (0
T (ﬂu—ph%ff;‘-;—(ff%av—m)du |

| ~(ol 4 | -l Ay, [%{E(V—uﬂ)da (8.2b)

oot e[S
-y [ B a3

%lﬁ: (A - pﬂg)A;zf%ﬂv—vg:)dv
+oh- = A A [ FEED oy, (550

Eq. (8.4) is not modified because the radiation is transverse to E,.
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Fq. (5.2) shows that €3 (v, z) = 0 but, Eq (9.2) shows that, due to
. —KL(V, Z) Qlu(”: Z) - KI?;(”? Z) Ilu(y: Z),

it is possible that @, (v,2) # 0. Then, as for the x-ray laser intensity, this
polarization parameter can grow exponentially up to a saturation.

6. Conclusion

We have shown qualitatively that it is possible to have a strong polarization of
the x-ray lasing line J=0 — J=1 in Germanium Ne-like ions, if there are some
electrons accelerated by the pump laser during the period of amplification of
the x-ray laser. Even if the polarization due to electrons is very small, as long
as the plasma column is long enough, it is possible to have both intensity and
polarization amplifications of the x-ray laser until saturation is reached. In [6],
we have run some simulations but with an isotropic thermal electron distribution.
These calculations have shown the importance to include a large number of levels
to simulate correctly the x-ray laser. Of course, since electrons were isotropic,
no polarization was obtained. In a near future, we wish both to include a few
percents of non-thermal electrons and more sublevels in the present model.
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