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Abstract

The nternational meeting on Plasma Polarization Spectroscopy (PPS) was held at

Kyoto University during February 46, 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 I 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.
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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 13, 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 participants from the US, 4 from Russia, I

from Korea, I from France, I 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 ions, 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 inforination

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 Filmoto

Peter Belersdorfer
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JP0455070

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 [I - 17]. These codes were used for PPS applications at The
Pennsylvania State University [18 - 21], at Lawrence Livermore National Labo-
ratory 22 - 631, at the Naval Research Laboratory 641, at Los Alamos National
Laboratory and Kyoto University 65, 66] and at other places 67, 681. 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 I 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 I attended two of those meetings in Nagoya.
One of the outcomes of tose 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 Rance 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 Iwarnae). 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 781.

Turning ow 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 te 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
[791.

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

2

2 -



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 agnetic fields by Kazantsev, Petrashen,
Shlyaptseva and collaborators [81, 82].

4. The se of the Zhang-Sampson-Clark code for the interpretation of polar-
ization experiments on the EBIT achine 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. Iwarnae, T. Fujimoto

and collaborators 791.
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. Iwamae, 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 23 lines in Fe XVII and
in Fe XVII 901. PPS was also used to diagnose the thermal energy distribution in
the Livermore EBIT machine 911.

6. X-ray spectropolarimetry on the pulsed power Z-pinch device at the Nevada
Terawatt Facility by Shlyaptseva and collaborators 921.

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 te physics of solar flares, PPS is a solidly es-
tablished technique. In fact oe of the reasons Kazantsev, Petrashen, and Firstova
[77] wrote teir book was to give the theoretical foundation of PPS for astrophysi-
cists as well as collect PPS's successes i astrophysics. Their main interest was
directed to solar physics, but it is known that neutron stars and white dwarfs ave
very igh agnetic fields on their srfaces ad terefore radiation eanating from

3
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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 []. 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 randorn directions, and the radiation from the plasma is

unpolarized. However, if the electrons that are 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 tall 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 tall of a basically Maxwelhan energy distribution.

Interpreting the polarization measurement in ternis of an anisotropic electron

distribution assumes that the electron's electric field detennines 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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ions 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 ion, 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 I I I , 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 modem 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 terins of the two effects
that have received much attention: anisotropic energetic electrons and the strong electfic
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.
1. Vacuum spark -discharge current 150

A 150 kA vacuum spark machine 41 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 dk/k-5 X 10-4. The
dispersive element was a spherical quartz crystal (2d=0.85 nrn, Rcr= 0.5 rn), which was
placed at about 014 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 sot 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).
ISO W FeXXV. �-d orde,, Fi ure la is the FeXXV lines obtained with
140 Y �26 deq,.- 9

IN the first spectrometer in the second order, and Figure
d120 lb is the same lines obtained with the second

110 spectrometer in the third order. In both cases the
100

90. crystal dispersion plane is oriented perpendicular to
80 the discharge axis. The only line that is more or less
70 solated is the Fe XXV ls2p('P,)-l S2(1 So) resonance

_50 i50 100 150 200 20 ;00 350 1

wavelengtham. line (marked with Gabriel's notation, w). The other
130,W Y three main FeXXV lines are unresolved: a peak at the

F�XXV, thid wd& position of the Is2p('P&I S2( SO)
123 0=41 deqee� I

line (marked y) is visible as part of the broad structure
'd 120� P(3which contains two additional lines, the Is2 P2)-
CIo 4, 1 S2(1 SO) magnetic-quadrupole transition and the

S(3S I _ I S2(1 SO)Ml Is2 forbidden line. All the lines are
i

105 heavily broadened, which are due to different plasma0 100 200 300 400 500 600
.nele.gth.a.u. positions, satellite transitions in the lithium-like ions,

Fig. I ab. Spectra FeXXV in and other well known effects. We try a qualitative
interpretation of these spectra below.

second and third orders It is obvious that Figures la and lb differ
substantially; in the second order of reflection, Figure la, the w-line produces the larger
film density than the broad structure. In the third order, in Figure lb, 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 ;�=0.185 nm 67 keV) iron line diffracted off our quartz crystal with
2d=0.85 nm in the second order of reflection (n=2) the Bragg angle (given by 2d sin =
nk is = 26 degrees, and in the third order (n=3) the angle is = 41 degrees. For the
spectrum of Figure lb, 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 I b 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.
I 1. Plasma focus, Mather type -discharge current 500 kA

Two X-ray spectrometers A, with spherical quartz crystals (2d = 0668 nm, Rc,
0.5 rn) with utually perpendicular dispersion planes were used to obtain spectra of

ArXV I in one shot 13]. The spectrometer arrangernent is given in Fig.2. Dispersion

- 13 -



plane of device is perpendicular to the discharge axis and it incorporates a 3001im slit.
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 03-0.5 mm.
B For polarization analysis the

device in XZ plane

A f Id f only shots with a single hot spot
were considered which provided the

.................... -x same field of view for both the
device in XY plane spectrometers 14]. An example of

ig.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 shows less dramatic difference in the intensities of those lines. That is

understandable if the w line is polarized in the direction perpendicular to the discharge

axis.

According to the theory 91 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.

Within the accuracy of the

present measurements the other

lines are unpolarized, in

accordance with the prediction

from the simple theories. The

degree of polarization could be

even lower owing to such effects
Fig.3. Spectra and
plasma image t U. C. .. 4. s depolarizing collisions with

\I-A-0h A) 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 fields.

111. Angara-5-1 -discharge current 3 MA

An x-ray spectrometer with a convex mica crystal (2d = 19999 nm, R,,= 0025

m) was used to observe the x-ray spectra emitted from Angara-5-1 machine. The plasma

to crystal distance was 22 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 Fig.4a. The H- and Be-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 [IO, I I .

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 te lines emitted from te machines with a smaller discharge current. Ts very

preliminary conclusion needs to be confirmed in future experiments.
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IV

lit 1.

Fig.4a. Ar XVIII, Ar XVII-spectra in 11,111, IV orders of reflection.
19

200 -
ArXVII, 2order, 120

YM=0.525; AXV11'4 rd.,,

ISO 23.4, cos'2(r-0.47 100 Y1W-O 1
-52 44 -20=0 066

so100

60

50

40

lio 150 200 25 3;0 -0

50 1;O 200- 4; 0 5�

Wavelength, a.u. Fig.4b. Densitograrns Wa�elength, a.u.

The degree of polarization would be interpretable in terms of interesting plasma
parameters if t 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.

0.1 Summarizing the results from sub-section 1-111

0.01 we emphasize the important features of the presented
time integrated spectra:
i) The width of the resonance line is larger than

C

15 that of the ntercombination 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).

lb 26 36 lb 56 ii) Relative intensity of the intercombination line is
Ion charge 1

Fig.4c. Calculated relative higher than expected; see Fg.4c.
intensity of y tow iii) 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 i)-ili).

3. Spectrum analysis - line width and intensity.
1. Measured width of lines

The experimental width of the resonance line of Ar XVII at the discharge current
3 MA is I mA. The measured width Ak,, consists of several components:

Ak, = Ald,,' + Akp 2+ Akrad 2+ Akukn 2)1/2, I

where Akd, - the broadening due to apparatus function, Akp - the line broadening due
to the plasma, Akrad -_ 0 I mA - the natural width, A?,,ikn - broadening from unknown
reasons. The first two components can be estimated as follows:

A�.d"2 = Akgeom 2+ AXdi ff, 24- Ak fo, 2+ Akdet2+ Aksize 2, (2)

where AXgeoin - the geometrical component: for focusing crystals it includes optical
aberrations and errors in manufacturing, Akdifft - the diffraction component, which
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corresponds to HWRC = 40 arcseconds for our quartz crystals, Axf, - the component due
to incorrect positioning of the detector on the Rowland circle (for Johann, Johansson,
Cauchois and Cauchols-Johansson spectrometers), Akdic - the broadening due to the
detector itself (an example is the double layer film when used at a small grazing angles
[ 1 51, AXjz - 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. Akd,, = 5 mA for the spectra at the current 3 MA.

2 2 2 2
AXP AXD + AkStark + AXZeeman (3)

where AXD - the Doppler broadening, AkSlark - the Stark broadening, Akz,,,,,,,, - 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).
11. Doppler component of the w-line width

The line broadening caused by the thermal motion of radiating ions (atoms) is:

64 = 2.44. 1 O- T (4)
A AA

Here T is the ion temperature in keV A is the ion mass in atomic units, 8D i the total
'dth at half-maximurn. Substituting the argon mass one obtains for the w-line of the

helium-like argon X=3,947 mA)

84,, = 1.53j m.A. (5)

If T = I keV then 6AD,, = 153 mA. In Z-pinches the typical situation is T, I

keV and T, �_- Ti, so that the experimental width of w (IO mA) cannot be explained by the

Doppler effect.

I I 1. Stark component of the w-line width

Figure shows the displacement of upper levels of the ArXVII resonance line 2

'Pi - I 'So and the intercombination line 2p _ I 'So versus the strength E of the plasma

macroscopic electric field (Stark effect). Calculations are made for stationary electric

field in the LS-coupling scheme. This approximation gives the upper bound of the actual
3.145 displacement of the levels.
3.14 In plasma dynamics the following

situation may arise: an electric field enerated by
3.13 the plasma collective processes grows up to a

> AZ5 substantial strength during the lifedi-ne of the He-
uj 3.12

like ions. The displacement of upper level of
3.11i

corresponding lines would then be a measure of
3.11

line broadening due to the Stark effect.3.10

0 1 2 3 4 5 S
Striongth of elecWc fiekre-9, Vkm

Fig.5. n=2 levels is electric field, ArXV11
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It is seen from Fig.5 that AkS,,,,k I mA for E 4 X 109 V/cm. Stark broadening
would be comparable with the measured width 10 mA) of the w-line only if E >1010
V/cm. To our knowledge no experimental evidence exists that confirms the presence of
such an electric fields with E >1010 V/cm. 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 = 0.2IIr, where r is in cm, is in Gauss, and I is the current in
amperes. For the case of r I mm, I = 3 X I 6 A, = 6 X 106 Gs. AkZeman = Aad '' 0 I

mA is two orders of magnitude smaller than the measured width of the w-line.
IV. Intensity of intercombination line andforbidden line

The forbidden line 2S -
11SO lies in close vicinity to the

3p _ ISO10 intercombination line 2
for all the elements; see Fig.6.

-17 According to selection rules the
intensity of the forbidden line is

0.1 4 zero. But the situation is changed
under strong electric fields.

0.0i Fig.8. Relative intensity of forbidden line to y line. Figure 7 shows the relative
intensity of 2S - I'So to 2'Pl-

Strength of electric field's-9, Vfcm I 'So versus E. Since this increase
is due to the mixing of the 2P, wave function into the 2SO state, the w line decreases by
the same amount as the increase in the y line intensity. Figure shows the relative
intensity of the 2SO - ISO 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 109 V/cm.

J For time
integrated
measure-
ments the

> 10i 4
102 .4's. actual yield

2'P,4'S. of the for-
LU Lai Fig.7. Relative intensity of bidden line

Fig.6. Energy of 2'So level forbidden to w -1 ne depends on
the strength

0.1 io
0 1� ic i i 5,0 6, 7 to of the electric

nuclear 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 electricfields and electron beanis

MHD calculations for the argon discharges were carried out, which included the
magnetic field pressure, the plasma outflow in the z-directlon, 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 161. High ohmic electric fields is generated in the z-direction

Plasma dynamics (MHDO with anomalous resistivity) due to anomalous plasma
resistivity and an even
higher Hall electric field is

100-7

generated in the radial
Te direction. Figure 9 shows

Ne/10" an example of the strength
r

He of the radial electric field Er,

the axial electric field

lbeam strength E, in MV/cm, the
0.1 plasma temperature T in

keV, the plasma density N,
Er H 30.013h0*1 in cm the plasma radius r,

Ez the electron beam current
0.001 Ibea in kA, together with

20 40 60 ea 100 120 the intensities of the
Fig.9. 1=500 kA Timensec 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 T.

is kept constant in >90 nsec. It is seen that the maximum value of is Er is 2 MV/cm, and

this is higher than the maximum value of E, = 06 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 IO shows the same parameters as Fig. 9 at the discharge current 2 MA, and

0.05
Plasma dynamics (MHDO with anomalous resistivity)

10 0 0 0 0 0 .045f .. ...... ....... .... .............. ............ ..... ...... .. .....

10 '0 0 0 .7 . 0 .04 . .. ...... ............. ...... ...... ... ........... .. ..........

1,000- OH35- ... . ... .......... ... ...... ..........>
.... ...... ....... ................ ... ........... .. .....

100,
....... ....... ........ . ......... .. ......

101
jU 0 .02 - ...... ............. .... ..... ... .. .....

0 .0 5 ... ........ ......... . ........ .............. ......

. .......... ...... .. .. ......

0 .01 ... ..... . ......... .

0.001 - -

30 40 50 60 70 80 70 75 so
Timensec time, ns

Fig. 10. I = 2 MA. The displacement of the 'P, level of He-like argon.
the corresponding displacement of upper level of the resonance line w versus time.

Figures 9 and 10 testify tat He and H-like ions coexist in time with fast electrons and

high electric fields in the same plasma volume. The electron 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;
ii) 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 9]. Another theoretical approach, given in 17],
predicts the electric field strength E = IO " V/cm.
VI. Estimation of opacity effect

The absorption range L for resonance photons (w-line) on the assumption of the
Doppler line shape is: L (64 /6A,.d)/ N 3.14 A 2 X 10'51N cm, where N is the

concentration of the He-like ions. If N _ 1019 CM-3 then L _ 2p. 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 I -I mm. Thus we may conclude that L _ 2lt is much smaller
than the plasma size.

The absorption coefficient for the w-line is k = I/ L., and kd = dIL,> 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

64 6 x (Ink' df' 464 (6)

The apparent broadening of the w line in Figs. 3 and 4 may be due to this 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 'PI, is excitation and the radiative decay, i.e., 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.
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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 often 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 some important plasma characteristics e.g., the polarization 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. Introduction

In pulsed discharges of the plasma-focus (PF) type, the accelerated current 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

perforrn 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 perfanned. 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. Experimental set-up and diagnostic techniques

Time-resolved measurements of X-ray spectra, and particularly of highly-ionized argon

lines, were perforined within the MAJA-PF device operated up to 45 W. 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 > 2l

CM-3 ) and temperature (- I keV). These dense plasma micro-regions (hot-spots) constitute

sources of intense visible and X-ray emission, pulsed electron beams and fast ion bearns 7-8].

If such discharges are performed wth 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 38 - 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 - ls2p('Pl - I S2(1 SO) - resonance line,

I s2p('P,)- IS2(ISO) _ intercombination line, as well as Li-like (Ar-XVI) satellite lines

belonging to Is2l3L transitions. Therefore, the recent studies have been perfan-ned 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 different hot-spots [5]. It was perfon-ned by

160 ArXV11 - I
1P bVS52 B

b401 C

120 1P

fd
80 ArXV1 A

40

L L _�j

3.92 3.94 3.96 3.98 UO 4.02

WAVELENGTH [A]

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 spatial distribution 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.] 6 Taking into account intensity ratio of the selected X-ray lines, as

recorded for individual hot-spots, 't 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

NE] 02A 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 I 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 I GHz probing frequency. There were

also measured pulsed electron beams, emitted perpendicularly to the z-axis (at 900 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 0

cm from the PF pinch region. These e-beams were recorded by means of (�erenkov-type

detectors [I 1] equipped with special radiators made of rutil. The (�erenkov 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 i�erenkov detectors

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

3. Experimental results

3.1. Study of fast electrons emitted perpendicularly to the discharge axis

As it was reported in previous papers 34,6] fast electron beams are emitted mostly

towards the anode (at the angle of 1800) during the radial collapse of the PF pinch column at

El MP)

t T

AAWA-API LV

C-7/0-1 T-)
L__100 ns 

Fig,2. Correlation of electron pulses observed perpendicularly to the z-axis - El 90') with other
discharge waveforms, i.e. inter-electrode voltage - U, fast electron beams emitted along the z-
axis - El ( 1 80') and "soft" X-rays measured at the z-axis - X, 0')
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the z-axis. In particularthe 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

(�erenkov 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 Fg.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 [ 1 31. It has also been recorded in the large (I MJ) PF I 000 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

Al \NII
1P, U

V�ft

.Ai 11 El 180)

El (WI El 0)100 ns UL2--i

Fig.3. Correlation of time-resolved signals corresponding to the highly ionized 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 3x 108.

consi spectral lines, i.e. the ArXVI1-1P - resonance line the ArXVII_3pl

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 (I 80). It 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 experimental 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 2x 107

cn-L/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 fort-ned successively along the z-axis and they exist about IO ns 4]. Also in the emitted X-

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

ArXVII1P,

ArXVH
3P, la]

ArXV1

X-Soft
L__

Fig.4. Temporal correlation of the emission of the investigated X-ray lines (A) with the
appearance of the hot spots (B) recorded by mcans 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 Fg.4. The observed peaks of the X-ray spectral lines

correspond also to peaks of the total X-ray emission within energy range of 14 keV (see trace

"X-soft" in HgAA). 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 2x 107 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 spectral 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 resonance and intercombination lines were

different along the z-axis [15].

IT

UL -as AmA

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
1021 CM-3,estimated that the electron concentration in the first hot-spots was 59* while that in

second hot-spot was 75* 1020 CM-3 only. It should also be noted that the emission of the

satellite lines starts first and it lasts 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 considered instant. Hence, a comparison of

amplitudes of signals for the resonance and intercombination lines enables to estimate the

electron concentration to be perforined 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.

1000 1000

7W - 1P600 5FAI gm'r 00
250 200
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2! 120
A1XV11 V Ai XVI
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Thne IlLs] Tkiie Ips]

Fig.6. Oscillograms of the measured spectral lines of highly-ionized argon (AB) and
corresponding temporal changes in the electron concentration and temperature Q.

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 613,
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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 Conned inside the pinch column, as well as with the emission of

pulsed electron beams towards the anode and perpendicularly to the z-axis.

:i goo
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Fig.7. Oscillograms of the highly-ionized argon lines and computed changes in the
electron concentration Ne in a comparison with an integrated X-ray pinhole picture, taken
from a discharge with several 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 investigated spectral lines is well

correlated with the appearance and lfe-tirne of hot-spots fori-ned 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 deten-nine

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 formalisms, and experimental

results obtained at the EBIT facility of Lawrence Liven-nore 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

satellite 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 in 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 nformation about plasma density. Theoretical modeling

of synthetic spectra requires calculation of populations of the plasma ion 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 urn leads to large sizes

of atomic databases. The size and complexity of a particular atomic kinetic model is
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deten-nined 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 11 we present the development of

POLAR and Section III 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 odel 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 modeling of polarized X-ray emissions from laser-

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

11. POLAR - collisionall-radiative atomic kinetics of magnetic sublevels

We present a method for calculation of polarization-dependent line radiation that is

based on a fundamental atomic kinetics modeling of magnetic sublevel populations.

Magnetic sublevels are quantum states characterized by parity n, energy E, total angular

momentum , and its projection Mi. 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 is determined by the

multipole type of the transition and the absolute difference in Mj 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 --'+ ]

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,

II,-, oc h v A(Ji 4 J 

jj f i )2

x f (Mj Ml,;,, (AM, 19 = 90') X ( f q Ml - AM Iii (1)
AY =-Jj A4, =Jj

where hv is the transition energy, AJj -+Jj) is the transition's radiative decay rate, f(M) are

populations of upper level's sublevels, the angle between the quantization axis and the line

of sight, q is the multipolarity of the transition, AM = r - M, and is a Clebsch-Gordan

coefficient. MI(AM, 0)'s are relative 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 = 90' then yield the linear polarization,

P I.L

I (2)

Under isotropic 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 arise 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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M. Application of POLAR to steady-state line emissions from He-like Fe

Our atomic kinetic model for He-like Fe consists of 17 J-Ievels frorn configurations

I S2, Is 21, and Is 31 which results in a total of 53 magnetic sublevels. In order to assess the

effects of Is 31 --+ Is 21' radiative cascades we calculated polarization of the four 2-to-l lines

w, x, y, and z at electron beam energies 68 and 8.0 keV. The Is 31 excitation threshold is 79

keV, hence at 68 keV the Is 31 states acquire only negligible populations by stepwise

excitation via Is 21 states. Therefore only cascades within the Is 2 states may play a role at

6.8 keV. At 8.0 keV the Is 31 states bcome accessible to direct excitation from the ground

state which turns on the n=3 cascades. Considering the low electron density of the beam

(1012 CM-3) it is sufficient to nclude only electron-impact excitation and spontaneous

radiative decay processes. Using the suite of Los Alamos codes 91 11 we constructed a

database of 50 rates of electric dipole transitions between J-1evels. Our model also includes

the rates of three higher-order transitions, namely those associated with lines x and z [ 2 and

the two-photon decay Is 2s 'So --* Is2 ISO 13]. Inclusion of these processes is necessary,

because the upper levels of these three transitions lack dominant electric dipole decay

channels. Sublevel radiative decay rates are then calculated from the J-Ievel rates by the

well-known formula based on the Wigner-Eckart theorem,

A(JjMj -� Jf Mf = A(J - Jj ) x (j, q MI MI - Mf' Iii i 2 (3)

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 4]. This

allows us to investigate the sensitivity of our results with respect to various collections of

atomic data produced under different methods and approximations. The comparisons

between these two collections of data show that the relativistic corrections play only a sall

role.

For an electron energy of 8.0 keV radiative cascades from 3 singly excited states

turn on. Adding more energy levels to our model is not necessary because this energy is still

below the 82 keV threshold for the n=4 singly excited states. Lines w and x do ot undergo

any ajor canges but lin z exhibits interesting properties. Since the 2-level" polarization

of line z is remains zero at 8.0 keV ad a calculation at this energy with the 11=3 states

excluded yields a value around -0.08, te significant increase of polafization up to -0.1 is

caused by cascades frorn Is 31. We pinpointed te most sgnificant feeding channels of Is s

3S I ad constructed a 5-level model in which these effects on line z can be ]Illustrated. This
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five-energy-level subset is: I s 2 %, Is 2s 'S,, Is 2 3po' I s 2 3 P2 ad Is 3 3p_). Our results

show that the cascade from Is 3p 3P2 further enhances the negative polarization value seen

also at 68 keV that was attributed to the cascade from I s 2p 3P2. The line emission

associated with this cascade is itself noticeably polarized (P = 029) which demonstrates

that alignment transfer from Is 3 3 t Is 2s 3SI is indeed taking place. On the other hand,

these two cascades compete with the isotropic cascade from Is 2p 3po level. These findings

are cons stent with earlier calculations of Inal and Dubau 151, who accounted for cascades

by calculating effective collision strengths for the IS _ Is 21 excitations at several energies,

of which the one closest to our calculations is 79 keV 582 Ry). Fig. I shows the most

dominant atomic processes in the kinetics of the upper level of line z. The "populationxrate"

values are the measure of influence of a particular atomic process on the population of the

Is 2s 3SI level. Te 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 critical 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.

Is 3p IP2 2.6 x 10-14 ------------------------ 0.23 -------

9 112

P= + 030

Is 2p 'P2 8.5 x 10-11 ------------------------ OA_2 -------

I X 109

P = 029 4.6 x 10-10 0.14
Is 2p 'Po ---------------------------------------

3 x 103

P 0

Is 2s IS, IF qF 11F 3.3 x 10-9 ---------------------------------------

3 x 0066 = 020 2 x 108 (1irie z)

(isotropic) P = 0.16
I S2 1.0 0.20t ------- --------------------------------

rate, polarization population population x rate

Fig. 1. Dominant feeding channels for upper level of line z (Is 2s IS1 ) at 8.0 keV.
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IV. Polarized Ly-cc satellite emissions from laser-produced Si plasmas

In an effort to produce a realistic modeling study, in ts case 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 I D Lagranglan hydrocode that simulates the overall

target behavior as it is heated by the laser. The energy distribution of the electron beam is

obtained from a I and Y2 particle-in-cell code EUTERPE that models the production of a

beam of energetic electrons by the laser-target interaction [ 6171. 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 ��,(T,,E) of density (1-a)Neand a beam part described by

a time-dependent energy distribution fB(E) and density aNe. The fraction of non-thermal

electrons a <a 1) is a constant free parameter in our model and we tested several 

values that produced the expected rise of polarization with increasing a and vanishing

polarization for a = 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 collislonal-radiative magnetic-sublevel atomic kinetics code.

Databases of atomic data needed for M3R and POLAR were constructed using the Los

Alamos suite of codes 91 I] and the UCL code 19]. POLAR then calculates the tirne-

dependent magnetic sublevel populations in the He-like ion, which are then converted to time

histories of polarization-dependent line intensities through Eq. 1. This procedure is repeated

for several fluid elements at various depths in the target. An xample 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 sggests that polarized singlet lines could be useful as

markers of plasma anisotropy while the triplets could serve as unpolarized reference.
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Fig. 3 Time- and space-integrated polarization-dependent spectra, for laser intensity
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V. Conclusions

We presented an overview of a i-nagnetic-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 Ion Trap (EBIT) experiments performed at Lawrence Livermore National

Laboratory (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 ftilly time-dependent version of POLAR and performed 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

tnplet lines remain unpolarized. This results from the competition between anisotropic

processes 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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An effort has been started to measure the short pulse laser absorptio ad energy partitio at
relativistic laser intensities tip to 1021 W/CM2. Plasma polarization spectroscopy is expected to play
an iportant role i determining fast electron generation and measuring the electron distribution
function.

1. INTRODUCTION

Plasma polarization spectroscopy (PPS) has been eployed to verify and study the existence of non-thermal, fast
electrons in laser-plasma iteraction since te first experiments by Kieffer et al. 131. The lasers intensity i these
measurements as been in the range 10 4 - 1016 W/CM2. Measurements of laser absorption at igher intensities < 1018
W/cm 2 have been made 4 but without employing x-ray polarimetry Teoretical studies of fast-electron generation
and teir effect o te x-ray linear polarization have been made 561, which considered laser itensities as hig as
10111 W/CM2.

Here we describe a planned effort to se PPS as a diagnostic for determining fast electron generation and eergy
partition of short pulse lasers interacting with matter at relativistic laser itensities up to 1021 W/Cm2.

11. PHYSICS LASERS AT LLNL

The Physics and Advanced Technologies Directorate at the University of California Lawrence Livermore National
Laboratory operates four powerful ultipurpose laser facilities used for experiments in igh-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 between LLNL and the Uiversity of Nevada in Reno.

The first of these lasers is te Compact Multipulse Terawatt (COMET) laser operating at 1054 Jim. A schematic
of te facility is shown in Fig. 1. The laser consists of a Ti:sapphire oscillator with glass aplifiers tat can generate
and probe plasmas with up to four beams. One or two long pulse beams (At = 600 ps) with 1 ad 4 J, respectively,
are available together with two or three short pulse beams (At = 500 fs) with I or 75 J. One of te 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 .

The COMET laser as been used ainly for developing efficient x-ray laser schemes 7,81. Tile inulti-pulse capability
has been used to generate an dditional pasina on a slab tat in turn is probed with the x-ray laser plse generated
by te other COMET laser beams 9.

TABLE 1. Parameters of the COMET laser.

Beam type Energy Pulse Lngth
(J) (Ps)

Long pulse 15 600
Short plse 7.5 0.5

Bea 3 1 0.5
Beam 3 4 600

Probe beam 0.51

"At or 3L, eission, i.e., 527 nin ad 351 inn, respectively.

I
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FIG. 1. Schematic of te COMET laser.

Tile second of te pysics lsers is the Ultra Short Pulse (USP) laser, sown shematicall i Fig. 2 USP is a
Ti:Sapphire laser operating either at 800 nin with ail energy of I J or at 400 nm wit a eergy of 035 J. ile pulse
width of the USP laser is > 0 1s; te spot size is less trial) three tmes the dffraction hnit, i.e., about 2 in at 400
nin about 3 yrn at 00 nin). As a result, USP as an intensity s igh as x 101�) W/cin'. Te contrast between
prepulse and niain plse is 105 at ad 10' at 2w Sort plse laser energy of' 100 120 mJ is available at 1 Hz
repetition ate ad at aout 20/hour at igher energics. A suinniary of te paraineters of the USP laser is given in
Table 11.

TABLE 11. Parameters of the USP lascr.

Wavelength Energy Pulse Length Spot Size
([fill) (.J) (fs) pin
800 1 > 80 3
400 0.35 > 80 1--2

Currewntly, tic USP laser is being ued for aomic physics sudies of hot, high-density pasina 101 ad (Equatio of
stat rlated conductivity studies of warin-dens mtter 11,12].
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FIG. 2 Schematic of he USP laser.

The third laser is the Janus laser, which is sown schernatically i ig 3 Tis fcility as ben operating since

the early 1970 wen it was conirnissioned for sudies of iitial confinement fusion (ICF'). Janus is a two-bearn laser

(hence its nure), pofiling 300 J er bearn o target Wen the primary ICF studies o Janus were replaced wth

studies o te Argii lser laid later on the Shiva nd Nova lasers, the emphasis of the Janus facility was shifted to

ICF spport studies nd ICF dgnostics development. It as also been used for x-ray laser studies 31. Like tese

subsequent lasers, Janus ca oerates a, 1064 nin as well as the ouble and triple frequency, s sminnarized in Table

111. Te pulse widt c b vied froin 00 ps to greater a 6 s Bam soothing was added i 1999. Te spot

size is 17 pm ad up to three shots per hear an be accornodated. An upgrade to 1000 J pr heam is currently uder

way.

TABLE fit. Parameters of the Jawis laser.

Parameter Vahie

106� inn. 5T� m. 366 mn
Energy :300 J t 1064 inn

Pulse width 0.1 - 6 s

Spoil size 17 pin

Repetition rate at rod hot cnergics 2 20 J 20 shot pr hom

Repetition rate at inaxinium (therapy 2 pr hom,
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An important feature is tat oe of the Janus bams (at, 532 Inn) can be sed to pump a econd ultra short plse
laser. The iiltra shor plse laser pumped y Jmus has bee dbbed JantTSP 141. A schematic of JanUSP is shown
in Fig. 4.

FIG. 3 Schematic of the Janus aser.

,rABLE IV. Parameters of Ow Jarms-plimped 1tra hor plse Islas JaIIUSP.

Parameter Value
Wavelength 800 11111
E II I gy 15 .1
Pulse Width > 80 Fs
Spot size < 3 III
Repetition ratle in low-power mode (300 mJ) 1 Hz
Repetition rate at rinximum (nicigy 2 1)(1 IIOLII'
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Like USP, JanUSP is Ti:Sapphire laser. But being puniped y anus it can reach energies of 15 J at 800 run and
high peak ower in excess of 150 TW. Te focussing Sot Of Ja11USP is two times te diffraction limit < 3yrn), which
is better than tat of tile USP laser-, te pulse width is aout te same at > 80 fs. As a result of these operating
parameters te JanUSP laser call focus up to 1021 W/cni o target. 'le contrast btwee te prepuls ad tile
mai plse is i te ange of 109 ad ay be improved by plementing a fequency doubling rystal T rpetition
rate is 2 shots per hour. arameters of te anUSP laser are given i Table IV.

JanUSP can also e erated i a low-energy inode with 300 rnJ per sot at a epetition rate of 10 Hz. Tis
capability is currently being used to develop high repetition rate xray laser Schemes 15].

S-Pass Bowtle
Amplifier

Final TI:Sapphire %High ntens
Dis AmplifiersX-ray generation

532 nrn Pump Beam
from Janus

UIG 4 Shematic of the JanUSP laser.

JanUSP has been used for ])ear gneration (Experiments I articular, it has been sed for nergy artitio ad
-y-ray bearn gneratio eperiments 16,17] Aout oe to two ercent of the laser eergy can be converte ito a
proton beani emanating froin te back surface of a thin 10-20 pm) aluminurn foil propagating t eergies up to 20 25
MeV 161. Detection of te roton ])earn was by radiochroinatic film.

Electron beam generation fro t back a front) side of foil targets has also been observed 181. For this an
electron spectrometer ws built tilizing ermanent agnets for eergy analysis nd a charge couple device camera
for rc��d Out NM cn Mea'sme (Electronic, WM) elwl 6cs betweell I 00 kev ml GO Nl('V It, is possible fluO 111 o alf
of the total aser energy is converted to fst electrons at the high itensities ossible with anUSII.
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111. PLANNED EXPERIMENTS

Laser absorption at intensities close to 10" W/cm' was studied y Price et al. employing the USP laser 41. Tey
showed tat absorption by verse brernsstrahlung is replaced by relativistic . x B eating at a laser intensity near
10" W/cm 2. As te itensity is increased frther additional absorption mechanisms my play a important role Such
as ion shock formatio ad vacuum Brunel) Treating. Moreover tere is a relativistic increase in the electron's mass
making the election esponse to te oscillating laser field ore suggis ad thus allowing the laser to pnetrate deeper
by icreasing te critical density. The pondermotive pressure will steepe te density profile ,above the target surface
and thus will affect the electro ad ion transport. Also, ultra-high electric ad agnetic felds cn be generated that
change th asorption at very hig itensities. The magnetic field my reach values as igh a 3 gigagauss; the electric
fiel my reach values of 1012 V/Clu. I 'lie iterplay of all of these processes as ot been systematically studied at
high laser intensities bt it eeds to be kown as petawatt lasers are being put in use for physics studies.

We are planning to study laser absorptio i a sytematic and controlled way, ad PPS will play an important role.
X-ray emission easurements are planned to determine the relative fraction of te ot electron (Component elative
to te termal component Tes, will involve studies of K-alpha generation by fst electrons as a function of plasma
density Te experimental sheme to perfor sch experiments is shown in Fig. .

Detector
K-ailpha Thin Al Thick Si

4,

t

K-shell emission

FLG. 5. Schematic of thc setup to inewsur te, K-alpha eission of silicon poduccd b first electrons from the aser-heAted

alurninu tget,.

Moreover, time-depenclent, ineasinements of te x-ray emission ar, planned that re sensitive to te collisions]

dynamics of termal ad ot clectrons, as sown schernatically i Fig. 6 For such masurements fast streak cameras

are needed. We ave dveloped x-ray cmeras with 500 Fs time resolution 19]. Tese measurements will also resolve

the polarization of t, x-ray lines by operating or ylindrically ent crystal sectrometers near the Brewster agle.
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Fast streak Image ntensifier
camera and CD camera

3.0 cm and
3.6 cm radius

cylindrical
RAP crystal

To comouter

Laser

r,'IG 6 Schematic of h stup to measure the x-ray sectra using high-resolution von Hainos-type crystal spectrometers

and fst streak cameras.
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Abstract

Plasma polarization spectroscopy work done by our group since the P US-Japan PPS
Workshop is 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-, ad M-shell ions were identified which can be used in x-ray spectropolarimetry of plasma.
Importance of polarization-sensitive LLNL Electron Beam Ion Trap data is emphasized. The results
of the UNR polarization-sensitive Ti and Mo x-pinch experiments are discussed.

1. Introduction: overview of our polarization spectroscopy work done since the
3d US-Japan PPS Workshop

The results of theoretical and experimental studies of anisotropic plasma sources such as x-
pinch plasmas were reported in [I]. 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 o various electron distribution functions for He-
like, Ne-like, and Ni-like x-ray transitions for a wide range of Z has ben 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, maximurn positive and negative polarization near te threshold energy, and zero polarization
crossings. The effects of polarization influenced by varying the values of electron temperature,
fraction of hot electrons ad 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 IO (Ne) up to 79 (Au) 2].

Generation of electron beams in x-pinch plasmas was studied in detail and polarization 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 ffinction
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 testa 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].

11. 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 spectropolarimetry of high-temperature plasmas with multiply charged tons in a
very broad range of nuclear charge Z from IO (Ne) up to 79 (Au).

In Fig. 1, polarization of the resonance w and intercorribination y lines was calculated with a
monoenergetic EDF for a broad range of mid-Z elements from Ne (Z= IO) up to Mo (Z=42). The
electron beam energies are given in threshold units which are listed in Fig. I 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 intercornbination
line y strongly depends on the type of the ion and electron beam energy in particular for ower-Z
elements (from Ne to Ni). Specifically, polarization of y line has the rninirnum 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 te threshold as Z increases. For hgher-Z elements and high electron
beam energies polarization of y line approaches polarization of w line.
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0180 w-line -Ne - -Si Threshold ener in eV
-Ti -a -Fe

HO Ni ZaL Ge Z W Y
-Se Kx -Sr Ne 10 9.20E+02 9.13E+02
_Zr D&

0.40 Mg 12 1,35E+03 1.34E+03
Si U 1.86E+03 1.85E+03

N
9 020
0 8 16 2.46E+03 2.45E+03P�

0.00 Ar 1813.14E+03 3.12E+03
I I1 2 3 4 5 6 7 8 9 10 I'l 12 13 1�41 Ca 20 3.90E+03 3.88E+03

-020
Ti 22 4.75E+03 4.73E+03

-Ne -M Cr 24 5.68E+03 5.65E+030.60 Y-ae -Si -S 9- -
-Ar -Ca Fe 2616.70E+03 6.67E+03

0.40 - Ti -Cr
- Fe Ni N! 28 7.80E+03 7.76E+03ZU Ge -
-Se -Kr Zn 30 9.OOE+03 8.95E+030.20 -Sr -Zr

Ge 32 1.03E+04 1.02E+04
0.00- Se 13411.16E+04 1.16E+04

9 10 11 12 13 14 1
-0.20 Kr 36 131 E+04 1.30E+04

Sr 38 1.47E+04 1.46E+04
-0.40 Zr 40 1.63E+04 1.62E+04

E+04 1.79E+04-0.60 Thmsholds LM014211.

Fig. 1. Polarization of the resonance line w and intercombination line y of mid-Z ions =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 Specifically, polarization of line w substantially
decreases with the increase of Ec, whereas it only slightly changes (increases) with increase of y
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 I to 3 (in threshold units). Polarization of y
line is almost independent from a powery
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Fig. 3 Polarization of the intercombination line y calculated with a steep EDF for different valu
a cutoff energy Ec=l 25, and 3 (in threshold units) and a power 7--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 35% is sufficient to observe line polarization of -
10% (assuming the maximum polarization more than 50%).

Figs. 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 X (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, 313, 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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Threshold Energy eV]
Z X

Ca 20 401.90
0.50 - Ca - TI Ti 22 525.91
0.45 Cr Fe Cr 24 665.57

Ni Zn Fe 26 821.11
0.40 - a SC Ni 28 992.80
0.35 - - Kr Sr

0 0.30 - Zr MO Zn 30 1180.90
4 Ru - Pd Ge 32 1385.80

0.25 Cd - Sh Se 34 1607.70
0 0.20 - T - Xe Kr 36 1847.00

0.15 - Sr 38 2104.10

0.10 - Zr 40 2379.30
0.05 - MO 42 2675.70

0.00 - Ru 44 2985.80
0 1 2 3 4 5 6 7 8 9 1 1 1 2 3 14 1 5 6 Pd 46 3318.10

Thresholds Cd 48 3670.40
Sn 50 4043.30
Te 5 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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-3B CM398V)
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aA - V CMAOV)
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p 1 2 3 4 6 9 9 19 11 12 13 14 16 16 17 " 19 30�

4A

E
48

Fig. 6 Polarization of Ne-like lines 3A-3F calculated with a monocnergetie EDF for different
electron beam energies (in threshold units). Threshold energies are given in a box on the right.
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111. 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 I MA
pulsed power device at University of Nevada, Reno (UNR) [I I]. A distinct feature of x-pinches is
the existence of plasma anisotropy in the forrn of strong electron beams, which makes them
attractive objects for spectropolarimetry. X-ray spectropolarimetry is a new diagnostic that can
provide detailed nforl-nation about the electron distribution fnction 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 fraction of hot electrons and an energy cutoff. Polarization-
sensitive experiments were performed on the I MA pulsed power Z-pInch device at the U`NR
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.

6

4b

640 5

+ 4a

9

employs 3

2

I.X-pinchload; 2.Horizontaispace-resolvedconvexcrystalspectrometerwithalowresolution
time-integrated pinhole camera; 3 Collimated hard x-ray Si- diode; 4 (a) Side-on convex crystal
polarimeter; (b) End-on convex crystal polarimeter; 5. Flat crystal time-gated spectrometer,
6. Hard x-ray detector (outside vacuum chamber); 7 Time-gated pinhole camera;
8. High resolution pinhole camera; 9 PCD, XRD and Ni bolometer assembly;
10. Polychrornator 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 I 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 parallel polafization state. The "V" spectrometer has a
dispersion plane parallel to the discharge axis and records mostly the perpendicular polarization
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state. The cystals for T ad 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 262 A w line). For
Mo x-pinches, x-quartz (2d=6.687A) crystals with a spacing corresponding to tile nominal Bragg
angle of 46' at the wavelength of 4.8 A 313 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-11 electron beam ion trap have been studied [51 and
compared with previous LLNL EBIT studies with a monoenergetic electron beam 14]. In [141, 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 (11) and a crystal recording a mixture of both
polarization states 12) 141. 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 Tm=2.3 kV in the energy range up to 11.85 keV 25 excitation
threshold). The measured intensities simultaneously recorded by the spectrometers with a Si 220)
crystal (almost a pure parallel polarization state, 13) and a Ge (I I ) rystal (mixture of both
polarization states, 14) were 13=0.212, 14=0-335 for z/w; 13=0.068, 14=0 145 for x/w; and 13=0 1 13,
14=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 12 and 14-

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. 45 and the y/w ratio also decreases from 0235 to 0. 1 53. The comparison
of polarization-sensitive ratios 11/12 and 13/14 for the z, x, and y lines prove that: the ratio decreases for
the lines z ad x and they become more negatively polarized and the ratio increases for the line y,
which become more positively polarized. This agrees well with theoretical predictions.

Mo results: Modeling of experimental Mo x-pinch spectra together with the ost 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 [II J. 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. Results of
modeling presented in Fig. indicate the presence of hot electrons with a fraction from 3 up to 7 
which provides ustification of using such Mo x-pinches for x-ray spectropolarimetry. 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 9, 92, and 93 and are almost
identical for the shot 97. The intensities associated with different polarization states 111/1 for each
of the spectral lines (3A, 313, Fl, 3C, and 3D) and the line ratios of the satellite lines to their
resonance lines (Na2/3Q from the horizontal and vertical spectra have been aalyzed. In tis
analysis, we used theoretical predictions discussed in a previous section. Experimental values of
111/1 for the line ratio 3D/ 3C was found to be close to I for all shots, which indicates the same
polarization for the 3C and 3D lines and agrees well with theory. Experimental values of 1/1 1 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 idicates 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 Rm wire pinch and the modeled spectrum has 7 hot electrons,

21 -3Te = 85OeV, and ne = IWO cm .(b) 50 mm wire pinch and the modeled spectrum has 45% hot

electrons, Te = 85OeV, and ne = 5x 1021CM-3. (c) 24 mm wire pinch and the modeled spectrum has
22 -33% hot electrons, Te 825eV, and ne = 2xl cm
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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
forin 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 developed 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, mtually 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 relics on multiple 2-D projections [I but is not suitable as a general method for
structure analysis of unsteady volume radiators. A dramatic example of such nsteady radiators
is a LPP plume confined in a dense neutral gas. The interface between the neutral gas and the
LPP plume can become Raylcigh-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 tme 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 tis investigation. The first goal is to dernonstrate 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.

Our 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 LPP plurnes; 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 in 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
Our 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 I shows a breakdown of the

Y

11V

r\

N

X

Figure 1. Coaxial shell scheme for an axisyrnmetric
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 te y-axis, where the axis of
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symmetry lies along the z-axis. For the outermost N h shell, the measured luminosity, LN, is a
result of emissions from a plasma element of path length 11. For this case, we are able to write
out the luminosity in terms of the specific emission intensity of the plasma, IN, and the plasma
absorption coefficient, kN, according to the solution of the equation of radiative transfer: 4]

L' = IN (I - e
k1V

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 13 must suffer
attenuation in two other plasma elements to the right, one with path length 2 and the other with
path length 13. Notice that the absorption properties of the leftmost and righti-nost elements are
the same. The center element has its own specific intensity IN-, and absorption coefficient kN.1,

and its luminosity suffers attenuation by the rightmost element before reaching the luminosity
detector. Finally, the contribution from the rightmost element completes the luminosity, LN-1-

The full expression for the luminosity is given in eq. 2) below:

-k,-,I, )(I - -k"I) 
IN e-"" e - e-A"1 ) + e-A-11' e-"' ) + I'v e
kN kN-1 kN

(2)

The significant aspect of this line of development is that each succeeding luminosity
expression contains as unknown only one sell'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 ntensity:

T = CT Ia (3)

P=C Pla+fl (4)

Here we have made use of te 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
continuumspectrum. Thescalingexponentsaand,8andthescalingcolistantsCTandC,,are
undeten-nined 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 4v. We begin by choosing a set of
values for a, fl, CT and Cp, and guessing a value for I, which assigns values for T and p. It is
noted here that the plasma of interest here has high densities such that the mean collision time is
of the order of IO fs while the plasma evolves over nanosecond time scale. This means that the
plasma is in a state of local termal 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, (I -a,)_ 2kT(2YrmkT)"' (q.),.

O a,) ph3 (q.).e

(5)
a,, _ 2kT(2YrmkT)"' (q,)IR3.

(1-al) P,,h3 (q. )All 2.

where for the first stage of ionization, for example,

_R lr (6)
(q,)OAI,. = EM

1-0

(Z + I)e2
Alp =

PD

Here al, aj, ... aI3 are the degrees of ion zation for the thirteen stages of ionization, respectively.
(qdAli+ denotes the single-particle canonical partition function of an A ion for electronic degrees
of freedom, and d',4,i, denotes its value evaluated with the zero of the energy fixed at the
ground state of the ih ion of aluminum. IP,41 is the ionization potential of the neutral aluminum
atom which is corrected for its lowering of the continuum edge, AIP, due to merging of the
bound states by the Stark effect. p, is te plasma Debye length, and Z is the charge number of
the ion in question. m,, k and h are the electron 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

Z
P, P- (7)(I )

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

Z=a, +aa2+ aaa - aa2a3 ... a,2a,, (8)

We start with a trial value for p,, set AIP to zero and solve for xis. Then we calculate p, using
the solutions of the Saha equations, and it is compared with the trial value forp'. This is
continued ntil 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]

1/2
alp2)2 ( V�, a 20) I

n' � T2 0 I + L)� I0) 0)2 I, 0)2+ ""i2(9)
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where

z7r312e4 I )

V'i In(A)
(kT) 31 2m, 112 25 2Az)

kTPD
r(Z) . Zn' In ��e2

kT

A and op are te Coulomb length and plasma frequency, respectively. The absorption coefficient
at frequency is given by k = ni co1c. c is the speed of light in a vacuum.

We can now return to eq. (1) and solve for 4v and then to eq. 2) to solve for IN-1, 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 eqs. 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 a, 8, CT and Cp. 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, a and A and scaling constants, CT and C A

demonstration of the structure reconstruction algorithm has been carried out for a LPP plume of

aluminum generated in a vacuum. 2]

B. Non-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 2pixels 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 te 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 N2new constraints to

the problem at one early 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 fon of

constant luminosity contours. Each luminosity value is indicated decomposed into its s- and p-

polarization components. For the moment, we ignore the polarization 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
L,.p,,(j;zt) & L,.pp(j;Z't)

41

32

We ting
Fu on
W( MO)

Figure 2 A scheme for plasma cells of an asymmetric LPP plume is shown for the
calculation of plasma luminosity. 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 te luminosity recorded at a detector position (filled circle) at time
t. The contour plots indicate te 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 UP 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 reconstniction starts by proposing a tial 2-D distribution of specific

emission intensity, (ij, t),, 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, lempL,,p(i, or tempLjdY,

t), is calculated. Comparison with te 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 te line

of sight. The weighting function is obtained by setting 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 te 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

Aluminum in Argon Aluminum in Argon
�I atm- Run #1 �I atm -Run 2

Side Lateral- View

View
Z!

CdZ!

Aluminum in Argon Aluminum in Argon
�50 atm - Run 1 �50 atm. - Run 2

Top Lateral- View

CZ Side Lateral-

0.0 0.5 1.0 0.0 0.5 1.0
Time, ps Time, s

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 I 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
intensity for cell at position (i, j) is obtained when the intensity, pl,,,,,. (i, j, t), is corrected twice,
once each for the two intersecting lines of sight:

kQ, j)
0, j, O 0, j, t) 0 -k(Q)A1 .[temP4,,,Qt) 4p(,t)IW2('IjIt) (12)(1-e

k(i, j) (13)
o' j, t) j, t) -O e- ) ltenrl�ide(jlt) (jlt)]W (" i1t)

Here, tempL,,p (i, t) and Lt,,p (i, t) denote the calculated luminosity and the measured luminosity
along the y-axis line of sight at i, respectively. Similarly, tempLqd, U, t) and id, , t) are those
along the x-axis line of sight atj, respectively. W2(i, j, t) denotes the weighting function that has
bee normalized along the y-axis line of sight, whereas WI(ij, t) is the one normalized along
the x-axis line of sight. Al 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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Th lminosity is calculated 1rom t fll OJ dtribution foi- ll i nd values ad

compared wth the measured ILInnnosity values to fd te rror signal.

The pocess is continued until [lie error sgnal is nifflin-ilzed Tis Cnclude te structure

reconstruction t tme /. The luminosity dta are tidied nice the StRICILlre reCOI1SlIUCtIO Is

advanced to te next time tep I I 1/, using the specific intensity distribution 1111(,111c, (ij, i), both

as the ew weighting function Cited te initial trial dstribution. Figure 4 sows a econstructed

Structure f a LPP plume font -,i ainlintir trget in Jargon at 20 atrn t te laboratory tme ol'

355 ris fom the start of'the laser Pulse.

Figure 4 The rconsLrUCtCCl structure is shown or a section of the LIT plume, 0.5

111111 ti-0111 the SlArfaCC ofan aLiFninUill target i 20 trial argon, at 355 ns from te

Start fflie laser UISC. The StRICtUre is epresented i terms ofspecific plasma

emissio itensity as a unction ofcross-sectional ositio gven in detector pixels.

Each detector ixel corresponds to 60.4 �011 SCILIlle ill laboratory.

3. Lateral-View Imaging at Multiple Times

The discussions i te preceding section apply to plasma structure reconstruction based

on full lateral-view Images, instead ofthe uminosity seaths. Two initially othogonal lateral-

view images of a LPP IU111C may be taken at dscret tme intervals. An imaging detector is

needed to capture a set oHateral-view images at each selected tme interval. 11-polarization-

resolved imaging is desired te number of'detectors n-iay have to be oubled in numbers Figure

sows te otical arangement Sitable for polarization esolved imaging. 'file setup for

capturing oe ofthe needed two latcral-vicw images is sown. To round Out te completeness of

the 1.1111111OSity Cl�lt,'I, �1 Imilt-view sllLlp"�H(A ol thu LCV 01,11lic Muji, b t�ikcjj t aii cai'ly omen oi
the h_II11C'S evolution.

The local 1,,-fic]d is dduced from the measured Iegi-ee qlpokirizwion. For a electric

dipole i a E-field, the mea dpole oment is gven by

M > E I d 1, (J) 4)

wher te Langevin function Is credited by

L y) coth () 1 5)
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Here = d E / kBT, 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 deten-nination 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 eission line. Third, it is necessary to rewrite the

Beam Reflector
S I' Gated

Intensified
2-13 Array
Detector

imaging Pass
Lens Filter Reflector Polarizers

LPP Plume

Figure 5. Schematic diagram of the optical setup for capturing polarization- and
wavelength-resolved lateral-view iages of a LPP plume at a selected time from the start
of a laser pulse. A second identical setup is needed to capture another set of lateral-view
images in a direction prpendicular 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 UP 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 2-1) 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 carge separation due to internal fluctuations, it is in

principle possible to unfold 3-1) distribution of resultant local electric fields by acquiring
mutually orthogonal, polarization- and wavelength-resolved images of the UP pume. 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
VelOCty Of 13_ 104 M/Sand the inward atom flux with I 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 H 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 profile into 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 39 m and 06 m, respectively. The

maximum magnetic field strength on the magnetic axis B, 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, PBC 12) and a Glan-Taylor prism (Halbo Optics, PS 12) 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 133 m focal length fl9.4(McPherson M209, 1800

grooves/mm). The spectral image was recorded with a CCD (Andor DV435-BV, 024 X

1024 of 13�tm 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 Bax and the radius of the

magnetic axis Rax of the discharge were 275 T and 36 m, respectively. The NBI power was

600 M The gas-fueling rate was controlled so as to keep the line-averaged electron density

ne, constant. In the stationary phase n, was 1019 M-3 . 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 H line profiles is shown in Fig. We

calibrated the wavelength by using the spectra in the recombining 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 perfon-ned 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. with the bold solid line. The adjustable parameters are shown in
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Table.l. TwosetsofZeemanprofilesfortheinnerpointdeterminethevalueofthemagnetic

fieldandthusR. Theothertwoprofilesgivetheouterpoint. Itisfoundthattheemission

locations were R=2.80 m and R=4.70 m.

The results of observation in the nine time spans ( = 10-1.5 35-4.0 60-6.5 85-9.0,

1 1.0- 1 1.5, 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, 0286 and 340 eV, and inward velocity, 300 X 103 and 686 X 103 rn/S'

respectively. Attheouterpoint,thehydrogenatomshavetwotemperatures,0.127andO.837

eV, and inward velocity, 163 103 and 348 X 103 m/s, respectively. The warm

component on each emission location 3.40 eV for the inner point and 0837 eV for the outer

point) could be identified as due to dissociative excitation of molecular hydrogen. A

quantitative discussion is in progress based on a neutral particle transport code that includes

molecular and molecular-ion dissociation processes.
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Table. 1. The adjustable parameters and their obtained values. Ta and VLOS indicate the atom

temperature and the velocity along the line of sight, respectively.

adjustable parameters obtained value

inner
component R 2.807(5)

cold Intensity (IO 4counts) 1.83M

T. (eV) 0.299(9)
VLOS 1 03 M/S) 3.00(9)

warm Intensity (I 04 counts) 3.00)

T. (eV) 3.30)
VLOS 1 03 M/S) 7.2(2)

outer R (m) 4.660)
component

cold Intensity 104 counts) 0.35(6)
T. (eV) 0.11(2)
VLOS 1 03 M/S) -1.3(2)

warm Intensity 10 4counts) 1.50)
T. (eV) 0.76M
VLOS 1 03 M/S) -3.2(2)

broad Intensity (1 04 counts) 3.80)
component

T. (eV) 143(5)
VLOS 1 03 M/S) 33(2)
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Fig. 1. An example of polarization unresolved profile of the H line.
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Fig. 2 Map of the magnetic surfaces and field strength for the configuration of Ra" 3.6 n

and B = 275 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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Zeeman Spectrum (H) on LHD (shot No.41292)
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Zeeman Spectrum (H) on LHD (shot No.41292)
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Fig. 5. The e-ray (a) and the o-ray (b) of the H, line. The solid line is the result of the

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 ir 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
anisotropic 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 HeI A 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 21
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 I 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 [II of the ir and two o- lights
of the Zeeman-split Hel A 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 in Fig. 3 We denote the -
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.

schematic view of the viewing chord

observation geometry

LHD

quartz glass

window magnetic axis

R� = 36 m

B., = 275 T

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 0' and lights from
the unshifted ir light, and the angle between the line of sight and the field direction deter-
mines the intensity ratio of r to o- 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.

2
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ty

X

Figure 2 Expected polarization ellipses for the r and two c- lights.

10
Hel 21p 3'D)

8 w/o polarizer
experiment
simulation
B = 275 T

6 0= 27'
-E (COS20= 0.794)

4

2

0
6 .7 667.8 667.9 668.0 668.1

wavelength (nm)

Figure 3 Observed profile of the HeI A 667.8nm line. Expected profile based on the
polarization ellipses in Fig. 2 is also shown.

3
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Figure 4 Optical system used for the present measurement. 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. which is

based on the polarization ellipses in Fig. 2 The x component of the light is denoted as

ir., 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 o-' 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-' andX X
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,

0_+ and show equal intensities without the polarimeter. This means the summation of

0_+ and c-+ is equal to that of o-- and o. This is written as
X Y X

+) Y
1((T + a Y + a

4
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where (o-') and others stands for the observed intensities of the respective line compo-X
nents, and a is the relative sensitivity of the y to x components. The coefficient a is then
obtained as

I(0-Y-) I(O-Y') (2)

I(o-+) - I(o--)'

As for r light, the x component predominates over the y component in the actual obser-
vation, and this seems reasonable here. More detailed analysis about the component is
carried out later.

0.2 0.2

01( - a+ 901(
Y Y

07

0.1 0.1-
it

o
667.7 667.8 667.9 668.0 667.7 667.8 667.9 668.0

wavelength (nm) wavelength (nm)

Figure 5: Expected spectra of HeI A 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.

6 6

01 CF go,( I

5
CF
Y

4

3- 3 -

2 2 

0
667.7 667.8 667.9 668.0 667.7 667.8 667.9 668.0

wavelength (nin) wavelength (nm)

Figure 6 Observed Hel / 667.8nm line with the polarimeter, the polarization axes of
which are aligned in the horizontal (x) and vertical (y) directions, respectively.

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

5
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is drawn, the sides of which are parallel to either the x or y axis. The different intensities
in the x component indicate that the length of the envelope rectangle in the x axis direction
is different between for o-' and o-- lights. The different y component intensities can
be considered similarly. These results indicate that the two polarization ellipses, which
correspond 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.

Y Ax

G+
Ax

Ay

X

--------- ---

Figure 7 Relations between the observed line intensities and the polarization ellipses
or the envelope rectangles 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 77 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 lights are
almost the same in both of the and i7 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 to 7r lights. It is
readily noticed that the ratio is different between in the and components. Since the

6
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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 45 degrees 7)
directions, respectively.
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+45--451 C�

15 - 15 
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0
667.7 667.8 667.9 668.0 667.7 667.8 667.9 668.0

wavelength nm) wavelength (nrn)

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 (q) 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,

1(irf) + (3)

I(O-f + I(O-17)118 1(0-)'

where,8 is the relative sensitivity of the to components. The ratio 17r)11(0-) is the
value without polarimeter. The sensitivity,8 is obtained as

I(7r'7)
(4)

I(Irf)

Though the two -lights have equal intensities respectively in the and 71 components,
I(o-�) and I(o-,,) are different. This contradicts our expectation. I(ire) and 1r,,) are also
different and it is confirmed that the polarization condition of the 7t 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 o- 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.
q components can be understood similarly. 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. IO. The ellipses drawn in the figure are, however, again just examples and
they are not uniquely determined yet.

A,,

A�

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

So far, for each of the r 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 �-q coordinates is,

8

- 1



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

1(0-+ + + + + (5)x 0-� = U(C-i) Y?

Finally, the two envelope rectangles for each of the ;r 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 = Ax cos(co) (6)

y = Ay sin(w A). (7)

Here, A, or Ay 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

r2 IAx cos(w) + Ay sin(w A)) (8)
2

ACK sin(to + (9)

with

A4 NF2 sin(A))2 + A, cos(A) 12, 10)
2 VIA,+ Ay

and
tan Ax Ay sin(A)

Ay os(A)

From eq. 10)
A2 - A 2

sin(A) � )7 (12)
2AxAY

is obtained where
A 2+ A 2 A2 + A 2 (13)

x Y 17

is used. There are two candidates for A even if the range is subtended from to 2. 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 r and two c- lights
which are determined similarly are shown in Fig. I .

9
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Figure I : 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 0' and light
intensities is reversed. Under the normal direction field, o-' and o-- 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 CIII 3S-3'P 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

I 0
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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 tansition 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 CH 2s2p(IPO)3 S4 Po _

2s2p('P')3 p4p 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.

2.0 1.0

CIII (20A -2,3p'P) CI II 201S b3p'P) CIII (20�'S 2,3p'P)
./.P.1.6- 0.6 O' (-) go, (-)

0.8 -
1. - .p-.d �.pwd

2
0.6 -0.4 -

0.4 -

.E 0.5 E 0,2 E
0.2

0 0 0464.6 464.8 465.0 465.2 464.6 464.8 465.0 465.2 464.6 464.8 465.0 465.2
.avelength n') �a�elength (nm) �m length (nm)

Figure 13: Spectra of the CIII 3 3 S-3 3 p lines measured with the polarimeter. Synthetic
Zeeman spectra with = 275 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-a line of neutral hydrogen
for three different Ba, discharges and no B,,-dependence is observed.

11
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Figure 14: Similar to Fig. 13 but for the CH 2s2 p(3 P')3 S4 P-2s2 p(3 P)3 p4p lines.
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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 Flexible Atomic Code (FAQ. Our 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 XVfI 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. 21 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 32 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 summarized as the following.

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

Ia I� + p Ia. I a Ia

I I I/I + AIb Ib +Ib

Ia Ia
- _ , +R,17

b b b
I Xtal III' + R2 I

If one has line b as a reference line, and the b is known, assuming R= Rj R, is constant

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

I+A P + ) - I+ R2 I
I PI b --A RI )I P, 1 + P

P. Ia Ia

I+AL Pb (R2 1) - I R I P RI
1 + P 1 + P

Replacing one crystal spectrometer with a grating spectrometer, we have R = R = I 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=26.1,A). 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 0 - 0

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 13 keV, the Ne-like Fe ions are dominant, as shown by the strong

Ne-like lines, compared to the spectrum at 14 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 85 to
1400 eV. The F-like Fe data were taken at 1300 toI500 eV. The grating spectrometer
covered the interested spectral range of 13-18A, while we needed two crystal settings to
cover the same wavelength interval.

0 I
,A� 10

1316V

J,

qO oei cp 'Ai

Figure 2 Fe spectra at three electron beam energies.
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3. Experimental results and discussion

M.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 IS2 2s'2s2p2p'3d3l2 > I S2 2S2 2p' 3D IS2 2S22P2 2p'3d5l2 ---> I S2 2S22P6

3E IS2 2S22P22P3 M312 IS2 2S22P6 3F IS2 2S2 2p2p'3s,,2 > IS2 2S2 2P6
3G IS2 2S22P22P3 3sI,2 IS2 2S22P6 M2 IS2 2S22P22P3 3s,,, -> IS2 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.

25 - Fe 3C
3G

20 - 3F M2

1 5 
U) 3D

1 0 

5

o
2:1

Lyct
C 20 -
2
C

1 -

1 0 Hep

Lyp
- Hey

LY6 La
1 1 5 1 6 1 7 1 8 1 9

Wavelength (A)
Fig. 3 Fe and spectra taken with the grating spectrometer

Using the theoretical Lyp/Lycc ratio as standard, the spectrometer response is determined
by the deviation of the measured Lyp/Ly(x ratio from the theoretical calculations. Figure
4. shows the results of measurements and two types of theoretical calculations, one is
from APEC I and one is from the FAC code I I . Weighted measurements (thin blue
line) and weighted error (grey area) overlay well with the FAC calculations. his
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 4 OVIII Lyp/Lycc ratios from the grating spectrometer measurements
(dots with error bars) and model calculations (red lines each from FAC and
APEC).

07-

C I

I A IF

Figure 5. The efficiency of the crystal spectrometer in the wavelength range of
interest.

We used the 3C line as reference/normalization P3C=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 I D 4 The eor bar on the experimental data is not yet in its final form, but we
expect it to be as large as 30-60%.

0. -

0 ...............

0.4 -
N

M
0
0.

0.3 -

0.2

800 900 1000 1100 1200 1300 1400

Electron energy (eV)

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 -0.34 -0.17

1050 -0.40 -0.33 -0.14

1100 -0.21 -0.32 -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) 0.076 0.55

1400 -0.34(0.05) 0.078 1 0.54

Table 3 Polarization measurement 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 0.059 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
1 1 1

3.2 F-like Fe lines

F-like 32 Fe spectra are much more complicated. They contain many more lines in the
wavelength region of 14 A - 8 A. Fig.8 shows three F-like Fe spectra taken with the
grating and crystal spectrometers at the electron energy of 135 keV. The F-like Fe lines
have all been identified previously [5]. The lines and their corresponding transitions are
listed in Table .

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. shows our preliminary results for line Fl 1.
Several other F-like Fe lines seem to have a similar pattern as F 1. 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 8. Fe spectra at the electron beam energy of 135 keV. Strong lines are
marked and the labels of the F-like lines use the line labels of Brown et a].
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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 eor 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

LAR.I. I lprvr f Lowcr J

FId.. j - -
2 ,V' 1 .z �P' 2p, 17.664

F1 ... ls�2s,,;,2p'�pA 16345

F3 ........ I'%21j;22p-2p1 16.197

V4 ........ Is 21 '2p22p�;,.1%

F5 ........ I.v-2,,z2p, �2p, ., I I V22.02p, .21,4 16.(W4

F6 .... J� 1.%'2.,� 21,7 21)':, 16.023

F7 ........ I S.1 2117 1 2P

FS ..... . IS1.1 2P 2p.3 J� 1 2p 2 pA 15-M3

F9 ........ IA-1'fS22pj 2p, 1 5.953

HO ...... l.52-'1V'2Pj 22r.'I '3s ls'2.v�;p"p' 4 15.70

F I I.V2 2- 21,1-2 2P lS!2s!2jP-2p!., 15141

F 2p'2p';,Av N2 2 I Z 21,22p4 15.5j 1

F13 ...... ls22.v-2p' -3,1, Is'N22p22p, 14.601

F14-- ls-.13'2p-2p! 11, l.N'2s22p22p'., 4 14.568

F15 ...... IN 2s�2pl2p2l MA,, ls72s22p22p' 14,548

F16 ...... ls-'2x'2pj�22p� d,.-2 I S! !,I �p 1, 210 1 4. 42 4

H 7 ...... 1.v-'21V-'2p, 2p,,23,1,;, Is 14.3M-v- 71- zP : 2
FIS ...... 1 N2 Is 2 21)1 2p' �3(h Is22Y22p, 2p" 14-360

Fiq ...... k2 N-2p I 2p' V, 1 N2 2,-'21?2 2p'., 14.276

I.V2 v21 2p' V, l.%2Y2j02'3 .. - -Pi:2 14-67
F20.... . b2N221), 2p' 23,1.;, l.V22v!2j,?2p , 14.216

IS213221), 2/)� , Id, ls-2s22p'2p� 14.203
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Abstract
We have measured the polarization of the heliumlike sulfur resonance line Is2p

Ip _ S2 'So, and of the blend of the lithiumlike sulfur resonance lines s2s2 p 2312 �

IS2 2S 2S , and I 2s2 P 2112 ___� IS2 2S 2S 12 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.

1. 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 41, 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 et al. 9,
Itikawa et al. I , Zhang et al. I I , and Inal et al. I These predictions have been
tested by various measurements. Henderson et al., reported the first X-ray emission line
polarization measurement of a highly charge ion, heliumlike Sc'9' 12]. Other reported
polarization measurements include Fe"', Fe 24% B a46+ , Ti 19% Ti"', and Ti2l+ [13 - 201.
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 24+

which was measured up to 120 KeV as reported in 1998 PPS workshop [ 8191. The
polarization of the magnetic quadrupole transition in neonlike Ba 16, 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-(x, line in hydrogenlike VI,
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was presented recently which extended well to electron impact energies of 50 KeV (10

threshold units). The results reported in reference 201, 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 lithiumlike sulfur resonance lines as a function of electron impact

energy 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.

II. 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" [ 3141. 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
parallel to the electron beam propagation 15-20 mm) it is necessary to use a focusing
crystal spectrometer, as shown in Fig .
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Spectroumt- M Cry"
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for flat cryaal c-bearn

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 1,(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 S"' and S"'. 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 2 = 8742 A resulted in a Bragg angleof B= 35.2' for observing the

Ket 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 2 = 19.942 A resulted in a Bragg angleof OB= 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 hampered the latter.

Spherical Crystal Spectrometer
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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).

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

iob = �,Ijj + R_LI_L (1),

where 1, and Rrepresent 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, respectively. The integrated crystal

reflectivities are commonly written as the ratio, R = Rj�,. 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 I-L (2).
+

4
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As stated earlier, the two crystal spectrometers act as polarimeters. The FCS is oriented
in a geometry that preferably reflects II, but JOb' also contains contributions from I,PET

since the PET crystal used in the FCS was set at Bragg angle of = 35.2', which

corresponds to an integrating crystal reflectivity ratio of RpET - 028. The spherical
crystal spectrometer was set at a Bragg angle close to 45' corresponding to a ratio of R,,jc�

- 004. As a result, the spherical crystal spectrometer absorbs most of III while reflecting

1,1 The measured intensities of the spherical crystal spectrometer in the following are

approximated as,
iObs =R_L I_L

Mica (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 (I 2s 'S, --> I s' SO) in heliumlike sulfur. The I 2s 'S � -4 1 s' So transition is readily

observed in the spectra measured with either spectrometer. Line z is intrinsically
unpolarized, but can be slightly polarized due to cascades 131. Applying this

normalization, the intensity ratio of lines of interest can be written as,
1W I-WL

(4)
I Mica I-IL

for intensities observed with the spherically bent crystal spectrometer. As for intensities

observed with the FCS this ratio becomes,

1w) Ij� + RPETI1 (5).

( 1Z PET III z + RPETIJJZ

Combining Es. 2), 4), and (5) we derive an expression for the polarization of

resonance line of He-like sulfur,

I 

I F� 1Z 1Z (RPET I+ RPET Iw)PEA 'w)Mic, (6).

(RpET 1)
I PZ 1Z 1ZZ + RET 'w )PET + (w Mica

IW

The IZ and 1Z are obtain from Gaussian fits of the spectra. Since the

( 1W )PET Mica

spectra were taken concurrently, the polarization of the blended resonance line of Li-like

sulfur (Pq,) can be calculated from Eq. 6) by simply replacing Iwwith 1". Where I"

denotes the line intensity blend of Li-like sulfur resonance lines s2s2p 'P312 > IS2 2S 2S"

and Is2s2 P 2p 112 > I S2 2s 'S112-

The slight polarization of line z due to cascades can be determined entirely by the

branchingratiosoftheupperievels[13]. Usingtheflexibleatomiccode(FAC)[271,we

5
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calculated cascades contributions from n !� 3 (cascades contributions from n > 3 are

considered negligible). 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:

1� = Oro a, (7),
CT + r,

Pq - 3al/2 3a3/2 (8).
5al/2+ 3a3/2

In Eq. 7 (To and or, denote the cross sections for electron impact excitation from the

ground state to the m=O and I magnetic sublevels for He-like ion resonance transition,
Is2p'P, __> IS2 ISO. Similarly, in Eq. CI/2 and ar3/, denote the magnetic sublevel cross

sections concerning Li-like ion resonance transition, Is2s2 p 2P312 _ I2 2S 2S 112. The

polarization of the blend of the Li-like sulfur resonance lines can be written as,
0 + qpq(yq (9),

,q Pr(Tr + PqCFq

where or, and Cr denote the total electron impact excitation cross sections for two

transitions I 2s2 p 23/2 --->I s'2S 2S I,2and Is2s2 p 2p 1/2 __� IS2 2S 2S ,2, respectively (since the

latter's total angular momentum of its upper state is 12, P, = in Eq. 9. Also note that
the branching ratios , and Pq in Eq. 9 are both approximately equal to 0.80 271. 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 271.

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 et al. II 01. 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 Is2s2 p 2312

I S2 2S 2S 112 and I 2s2 p 2p 112 > IS2 2S 2S 112) compared to the predictions of FAC and DW

show fair agreement as well.

6
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FIGURE 4 Measured polarization of the resonance line of heliumlike sulfur at electron
impact energies 3 6 12, 22, 30, 60, 100, and 144 KeV compared to the predictions of

FAC and distorted-wave. The non-relativistic predictions of Itikawa from 3 to 12 KeV

are also shown.
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FIGURE 5. Measured polarization of the resonance line of lithiumlike sulfur at electron impact
energies 6 12, 22, 60, 100, and 144 KeV compared to the predictions of FAC and distorted-wave.
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Level alignment in C III ions:

R-matrix calculations of m-resolved excitation cross section

L Yu. Tolslikhina, 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. Te implementation of the PACR model for Be-like oxygen (OV) and
He-like carbon (CV) has been reported recently 1 2.

The polarization of CHI triplet emission lines for the Is' 2s3s IS, S2 2s3p 'P,1,2

(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 IS2 2s3p IPO'1,2) is produced by the

IS2 S2 IS2 3pcollisional excitations from the ground state 2 'So and metastable state 2s2 O'l 2 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 C111 ion:
(i) from ground state IS2 2s 'S,) to IS2 2s3p ,,,2

IS2 IS2 3p(ii) from metastable 2s2p 'P,1,2 to 2s3p 0, 1,2

METHOD OF CALCULATIONS

The calculation is performed by two codes: RMATRIXI 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. RMATRIX I 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 RMATRIX I code is the calculation of the orbital basis and all radial

integrals in the inner-region. The orbital basis includes the target basis Oi and the continuum
orbitals uj(r).
The target basis Oi 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,,,,,, (F, m,) form an orthonormal set
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(O�iljnll' �O"AMI , )= 6�1"J 61,11 3mli MIJ 6.'i M'J

and corresponding radial parts are expanded in the form

(r) Ci r Pi exp(-�, r), �P', I "J, 15nn,

Parameters ci, pi and , are the input to the first stage of RMATRIX 1. In the present calculation

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

The continuum orbitals uj(r) for each angular momentum 1i are obtained by solving the
model single-channel scattering problem

d 1i (1 + ) + O + k (r = I A j P,,,,
dr 2 r 2 Y Y

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

a du Y
Uj (0 = 5

Ui (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 I is 24 and 20 continuum orbitals uj(r) for
each angular momentum 1i have been obtained.

2. STG2
The second stage of RMATRIX I is the calculation of LS-coupling matrix elements in the

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

Hkk = 0, (x, ... xv)IH N 1Ok'(XJ ... XN

involving the target basis

0 (x, ... x. = Ao,(x,,)o,(x,,,) ... o, (x,,

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

H = N V _ Z + I a 2Z N ln , S11

I " Y, - + 3

and the basis configurations were generated automatically by requiring that the two of four target
electrons are retained in the Is 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:

2
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Parity Even Odd
Symmetry Ise 3se 1pe 3e ID e 3 De 3Fe Ipo 3po ID o 3Do F 3FO

Number of states 13 6 3 7 10 6 1 12 12 3 3 3 3

The total (N+I) -electron wave function in te inner region is expanded in the form

VJXI ... XN = Ay, Cyk (Di (Xi ... XN;�N10�7N+O-Uj (r,+I + IdjkZj (x,...x,),
ii rN+I i

where the antisymmetrisation operator A accounts for exchange between the target electrons and

the free electron. The channel function (Di are obtained by coupling the target states (Di

(D (xi ... xv) bkok (xi ... x.)

k

with the angular and spin functions of the scattered electron to form states of the total angular
momentum and parity. Quadratically intergrable functions Xi formed from the bound orbitals

are included to ensure completeness of the total wavefunction.
Let p. denote collectively the basis functions in this expansion. Continuum-continuum,

continuum-bound and bound-bound matrix elements of the inner region (N+ ) -electron
Hamiltonian

Hu = TA (XI ... XN+I jHN+I I (PAXI ... XN+1

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

3. RECUPD
The third stage of the MATRIX I 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 JT and parity. A pair-
coupling scheme

J+ I=K, <and> K+s=JT

is used, J is the total target angular momentum, 1, s= 112 are the free electron orbital and spin
angular momenta.

We performed calculations for the 70 lowest states of the target:

Parity Even Odd

i 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. 3
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Configuration Term Ener (Ry)
Present calculation NIST data base

Is'2S2 ISO 0 0
3PO 0.48337 0.47720

IS22s2p 3P, 0.48362 0.47742
3P2 0.48412 0.47793
3PO 2.36024 2.36661

IS2 2s3p 3Pi 2.36030 2.36666
3P2 2.36042 2.36678

4. STGH
This module of RMATRIX I deals with remaining inner-region tasks. It dagonalizes

(N+])-electron Hamiltonian in the continuum basis.

Calculation time of the energy independent part of RMARIX I is 20 hours on PC with
Pentium-4 processor 2.53 GHz) and I 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 total (N+])-electron energies 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 [5]).
The following figures show the comparison of the total cross sections for transitions of

interest calculated by RMATRIX I code and by our code ATOM-AKM based on the K-matrix
calculation in the first order perturbation theory. The comparison shows good agreement
between RMATRIX I 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.

C111 2S2 ' - s3p 'P

1,E-17 

RMA:TRW
ATOM-AKM

1,E-18

O

1,E-20 -

E eV

Fig. 4
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RMATRIXI]9 ATOM-AKM
t)

IE-16-

IE-17
so 100 150 2;0 250

E eV

Fig.2

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 III ion for transitions

Is'2s' 'So to IS2 2s3p IPO'1,2

IS2 3p2s2p 'P,1,2 to Is'2s3p 0. 1,2

between in-components.
The input data are K-matrix elements which have been calculated in a representation

diagonal in the total angular momentum JT and parity using the RK-coupling scheme
(RMATRIX I, STGF).

The program calculates scattering amplitude f e) given by

f (nJj Mj, m,, n M M,; 0 = - I 1 1/2 [(211 1)(210 1:)] 1/2 ml, 1/2
0 0 J, C Y

2 k0k] 1jKj1OKOJT' + ml,

XPM J'IKI,,,,,JOKI,,(JOMJIOOIKOMj,,)(KoMjo molim )(K,

(cosO)T,,, - )j, mj� 11 ml, JK, M K, MK 'MI JMJJ, 2 2

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

well-known formulas

T = 2 (I K2 - (K - iK)

The m-resolved cross section is equal

5
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ki 7T 2

a (n, J, mi, ml no Jo mi, MO) = k f If (0)� sin dO
0 O

The data obtained by described 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 2s3l 3 L levels. To exclude trivial dependence on energy we multiplied the cross
sections by E 3 (exchange transitions). There are curves with smooth and strong dependence on
energy below 100 eV which may be useful for the plasma diagnostics purposes.

C111 2 2 So - 2s3 P 3p C111 2S2 IS .2s3p 3p 2

1E-13 

r

44 1E.14.

1E-14-

E400 0),(01) -(02)

1E-15- . 1E-15- .
50 100 160 2 50 100 150 2

E eV E eV

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 AJ=O (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 AMA are
larger up to two orders of magnitude.

C111 2s2p 'P. 2s3p 'P2

�0111
(02)

1E-17-

50 1�0 150 200

E eV

Fig.5
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C111 2s2 P 3p 2s3 P 3p I 1E-14 C111 2s2 P 3p 2 2s3 P 3p 2

1E-15
1E-15-

1E-16

1E-�7
(0;)

00) 1E. 8 (1-2
1E-16 01)

1E-19
(10) I E-20 _ (12)

21 - �2-2�

1E- 2-1

1E-17 1E-22 - (20)
_(21)

IE-23 (22)

1 E-24
0 50 100 1;0 260 290 360 3 50 100 150 200

E eV E eV

Fig.6 Fig.7

Figure 8 shows the m-component cross sections for the purely exchange transition. One

would expect that in the asymptotic the cross sections have E 3 dependence. Nevertheless, one

of the cross sections is increasing in the asymptotic region.

C111 2s2 P 3p 0 2s3 3p

1E-13-

F___(00)(01)

1E-14

�0 100 150 2

E eV

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.

References

[1]. A.Iwamae, A.Tanaka, T.Inoue, T.Fujimoto, H.Zhang, D.P.Kilcrease and G.Csanak,

Proceedings of the 3rd US-Japan PLASMA POLARIZATION SPECTROSCOPY

WORKSHOP, 2002)

[2]. A.Iwamae, T.Fujimoto, H.Zhang, D.P.Kilcrease, G.Csanak and K.A.Berrington,

NIFS-DATA-78, 2003)

[3]. K.A.Berrington, W.B.Eissner, P.H.Norrington, Computer Physics Communications 92,

(1995), 290-420

[4]. K.Bartschat and N.S.Scott, Computer Physics Communications 30, 1983), 369-381

[5]. K.A.Berrington, privet communication

[6]. A.Hibbert, Computer Physics Communications 9 1975), 141-172

7

- 112 -



JP0455082

Alignment Creation by Elastic Electron Scattering
A Quantum Treatment

G. Csanak and D. P. Kilcrease
Theoretical Division

Los Alamos National Laboratory
Los Alamos, NM 87545, USA

and
D. V. Fursa and I. Bray

Schoolfor Engineering Sciance
Murdoch University

Perth, Western Australia 6150, Australia

1. Introduction

Alignment creation by elastic heavy particle scattering has been studied for many
years by Omont [1], by D'yakonov and Perel 21, and by Petrashen, Rebane, and
Rebane 3-12]. The technique has been adapted for arbitrary perturbers (including
electrons) by Fuj imoto et al. [ 3 and by Fuj imoto and Kazantsev 14]. In the case of
heavy particle perturbers (e.g. ions) 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 quanturn-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 section definition of Kazantsev et al. 16,17] for
elastic electron scattering and reported results for Ba [ 1 8] and V ions [ 1 9] based on
that formula. (Apparently Dashevskaya and Nkitin [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.
[13]),
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190 (20 = 2 F +)-112 1)'_" (FFM' -M 120)D,,FM'

+(2F+ I)-112 1) '_"�FFM'-M'I20) I)F- M(FFM - Ml 20)] QMaFM'

M.M

a)
where D,,.Fm. and QFm.,,Fm, were defined as Eq. 314 in Fuj imoto et al. 3

D,,,,,, = 2irf bdby _1(aFMIS'.IaFM,)12 (I b)[6MM'

and
Q.FMaFM = 2.7rf bdbJ(aFMISIaFM )12 (IC)

(we have adopted their [ 314] 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 co(20) can be written in the form,

or,(20 = (2F + )-"' 1(-I)'+m �FFM - M120)2jrf bdbJ[b,., -J(aFMISIaFM )12

M M

(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 , operator by the definition,

Sc = I T (3)

we obtain,

CTO(20 = (2F + I-U2 2(_l)F-M+1(FFM - M 120)

12irf bdb[(aFM IT. I aFM) + (aFM IT,+ I aFM)] + Q"FMaFM'l (4)

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. Tile 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

[2 1 ] 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

2
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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),

(Di dk- A(k I k, a) e-" IhIE,.,

i., = 2.ir) (5)

where in spatial representation,

(i, alk a) = e k-i I?,, CO (6)

with referring to the wave-vector and a referring to the spin of the incident
electron; Ek h 2k2 12m. We shall assume that theA(k) function is strongly peaked

around the ki, value of the wave vector with a width of 6k << ki,, (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

1i M) (7)

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,

I(D]M.ii. (2.7r)-' f dk Ak) a) e-( i / h)Ek t1i M) (8)

where,
EJ = Ek + EJ (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 i the asymptotic future (i.e. for t - oo) then we can write the state vector of
the electron plus target system in the forrn,

)-6 - (H h)E,� i I I I IIow). = 2,T f A, A(k I)e- f di,' 1, (k, a, ;JM, Isliw a) IJMI;k af
M a,

I )

where,

ka;im) ka I im) (I )

is the state-vector of the non-interacting electron plus target system, and is the
scattering operator. In Eq.(10) we only wrote out explicitly the elastic scattering terms

3
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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 ko of

arbitrary direction and spin ao (i.e. the magnitude of ko is the same as that of the

incident wave vector, i) 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 forrn,

I -'If dko(koao I-V(t)),,.,-"u,(4)(t)jk0a0)

Poll, = (2,7r) (12)
2 aa(,

where we have also introduced an averaging over the spin of the incident electron
assuming an unpolarized incident electron beam. Using Eq. (IO) in Eq (I 2) we obtain,

Pout I (2;r)-9 I f dk(f dk� A(k,) e( HOE,,, f dk, A(k2) e(i")E,2'
2 aa(, (13)

X EIJMII)(JM2'1(k,)ao;JMI'lSlkla;JM)(k2a;JMIS'lkOao;JM2,)
MI.M21

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

(im, lp'. I m') =- ouIM, I (2.7r)-9 If dko f dki A(k,) eUMEA, If dk2 A(k,) e(i1')Ej2'
2 aa,

X k(a0;JM�jSjka;JM)(ka;JA�S'1koaO;JM2

(14)

If we now write the scattering operator in the form,

S = I - 27 i 6E - HO) T (15)

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

we shall obtain four terms for p"MM, -

We obtain the first term if we make the substitutions, - I and S' - I in Eq.(14).
Then we obtain for the first term,

PM"","M') = M, A4, 6MM (16)

which is equal to the density matrix element of the initial state given in the form,

Pill =I JMXJM 1 (17)

4
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The second term is obtained if we make the substitution - I and
S+ - 2irib(E - HO)T'. Then we obtain,

Pont(2) - ki dki f dk2 A(k,) A'(k,)6(E, - E,,

M M = 2jr)-5 i 6, M ' I aMIT I kina;JM2j
2

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

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 dk2 A(k,)A'(k -E (I 9)2jrh vn f f 1-3 2)6(E4, k)
dS (2;r)' (2;r),

where vin is the initial speed of the center of the wave packet and can be given as,

Vin - hkin (20)
M

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

our(2) M dP IPM = - i -6M'M - a;JM Tk a;im (21)M, h2 (kin ill
kin dS 2 I

If we now introduce the scattering amplitude by the definition,

fZ�12 2.7rh' (k1fi;JM2jTjk1a;JM,) (22)

where = 1'21 and and refer to the polar angles of k 2 relative to i, then we

obtain,
nut(2) - 2,7ri dP I fZZ',( = , = )'6m, M (23)

PMIMI kill dS 2

M, is obtained if we make the substitutions

The third term for pM,

S - 2jdb(E - HO)T, S - A calculation analogous to that used for the second
term gives the result,

nul(3) 2.ir dP IM, = - - - I f,.;, O = O 0),5",M, (24)
PM, kill dS 2

Finally the fourth term contributing to p,,,, is obtained if the -2jdb(E - HOT,M. 
S' - 2db(E - H)T' substitutions are made. This gives the result,

Off,141 dP IP M, M I - - I f d0j,`,"O, (00, 00) fZ�' 2 (00, 0() (25)
dS 2

5
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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,

AP I , PM"" - M'M' (26)

where,

In
PMIM' (JM1V111JM2) (27)

Using Eqn's (I 6), 17), 21), 24), and 25) in Eq. 26), we obtain,

2.7r dP I
APM'M' I kx, = ' O 0g., - fMAf' 0� = 0, 0 = 0)6MM,

kin dS 2

dP (28)
dQOfZ�-J60100)fMA4,'(00,100)

dS 2

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.e. 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 therefore
write,

fzz' ( = ' 0) fMM = , = )bm'w' (29)

Then we obtain for Apmm, the formula

APM, M = 2z idP [fmf ( = , 0 0 _ f ( = , = )] 6m, 6"."

kin dS (30)

+ dP I I f MJZ�,� (00, 00) fZ�, (00,100)
dS 2

If we now use the mathematical identity,

f,, ( = , = - fm*, ( = , = ) 2 i Im fmm (t = , = )

along with the optical theorem (see e.g. Rodberg and Thaler 23] pp 183-186),

Im fm.,f ( _ , = = k. am",

4,T

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

I f d fZZ (0, 0)1' (31)
2

6
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we obtain for Apmm, the expression,

dP dP
APMIMI -CFMM, mm, 6M 2 'I f IdQJZ��, 6(, 0.)fZ, *(00., 00) (32)

IdS IdS 2 .:"

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

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

P in = jM)I(jMj (17)

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

Psoin Ilim)(iml (33)
2J+1 

giving the initial density matrix as,
ill'isoHIM bm'M, (34)- 2J + 1

Since Pin is additive from the p" elements', we can simply sum Eq.(32) over M andiso
divide by (2J + 1) to obtain,

130 dP I
APMIMI GM 6M, - f dQjZa- (O., 00) (35)

IdS 2J +I -2 aao M

where Ap"m. is the change of the density matrix element of the initially isotropic

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),

51 /2
(T(J) + ) I [3M - J(J + 1)] Q(M) (36)

20 [(2J + 3)(2J + 1J(2J - 1)(J + 1)] 1/2M

where
Q(M = Ap'so (37)

From Eq.(35) we obtain,

ise, dP I
ApMM CFMM 1 If dQOjfZaW

IdS 2J + 1 2 Iwo

dP I I mm _,gm"f (38)
IdS 2 1 2 (a MI

IdS 2Y-,, YgmM, -gmmMl

7
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where we have defined the rMN I cross section by the formula,

CYMMI M I (,aa, (39)
2 mm,

a(zo

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

= dP )-'(T(J) (40)Q20 - 20
dS

which gives,

51 12

Q20 1/22 3M - J(J + 1)] q(M) (41)
[(2J + 3)(2J + I)J(2J - 1)(J + 1)] M

where

q(M) CrMM I'gwff. - or (42)
2J+l 2 . .... Ml mm 2J+I Ml mm

For the J = I case which is relevant to the experiment of Trajmar et al. 1 8],

(2)1 /2 2 1/21

Q20 = (q(l - O) = - (orl + yl- - 2rol) (43)
3 (3) 3

For electron scattering from laser excited neutral Barium, we have from converged
close coupling (CCC) calculations (Trajmar et al. [ 1 8]):

Table 1. Magnetic Sublevel Cross Sections and Alignment Creation Cross
Section The Magnetic sublevel cross sections m'? alignment creation cross section
Q20 and the total cross section Q (all in units of 10-16 CM2 for differing incident

electron energies.

E''(eV): 2.8 20.0 97.8k

cri 0 1.16 0.59 0.054
al-I 4.52 1.57 0.360
0,01 1.97 0.70 0.054
Q20 0.47 0.21 0.310
Q 114.30 36.36 j2.26j

The earlier calculation by Trajmar et al. 18] that used the inelastic formula forQ20
gave the respective values of 870 233 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 of a J = I

8
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to J =I transition according to the inelastic formula the alignment created is
proportional to the quantity a(l - a(0) where a(M) is the excitation cross section of
the M magnetic sublevel and thus a(l = cr,- + U1 + J,,) 3 and
a(0 = cro- + ro + ,,) 3 where cr,,m. 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 = I to J = I elastic scattering, the alignment created is
proportional to the quantity q(l)-q(O) where q(l = a(l - or, 3 and
q(O = a(0 -aoo/ 3. Thus in obtaining q(M), the elastic scattering cross section by
the M magnetic sublevel, am,,,, is subtracted. Indeed it was intuitively felt for some
time by us that such a cross section (i.e. am,,f ) 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 from website:
http://kipac-tree.staiif'(rd.edu/1'ac
Ming Feng Gu, Stanford University, mfgy Ca, 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 techniqes 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 isfreely distributed in the hope that it will be useful. The author makes every effort
to ensure its correctness. However, he does not guarantee itsfitness to any specific
purpose. The author is not responsiblefor any damage resultingfrom 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 collisions] 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 I and Figure .
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Table I
Comparison with Sampson Zhang Code

ilewi FAC AE FAC gf 9Z AE SZ gf

2 (2p.,j,,23sj;,-,)j 7M-99 0.1214 727.22 0.1102

4 (2pj,,j3sj.,-jj 739.24 0.1049 739.50 0.0937

16 (2pj/fX-,1-)j 802.42 0.0103 802.64 0.0099

22 (2p,.j1i?3d.5,;1j)j 812.88 0.6333 813-15 0.6095

26 (2p, '�-23d, :f,) 1 827-32 2.6120 827-69 2.5514

30 (2sj;-23P1;'2), 894.81 0.0338 894.83 0.0358

32 (2si/23P.1.1-2), 899.18 0.2767 899.18 0-2868

R

?

0 0.5 1 1.5 2 21

S-K-W E-rgy k�14

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=O 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 papers on the following topics that describe the detailed atomic
physics model of the code:

The Flexible Atomic Code: L Atomic Structure

The Flexible Atomic Code: H. Electron Impact Excitation

The Flexible Atomic Code: 111. Photoionization and Radiative ecombination

The Flexible Atomic Code: IV. Autoionization and Dielectronic Recombination

The Flexible Atomic Code: V. Electron Impact Ionization

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 2P2 (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 12-1S5 levels are found strongly dependent o the discharge

current, and so are the degrees of radiation reabsorption of the transition lines from 2P2 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 atom 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 7-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 i te vapor. In tis study, we performed te Monte Carlo simulation

on radiation re-absorption, and determined the disalignment rate due to radiation re-

absorption quantitatively.

1
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2 Experiment: disalignment

Figure I 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 616.4 nra (IS3-2N). Before entering into the cell, the laser light

passes through an aperture of mm diameter and the Glan-Thompson prism, by which

the laser light is linearly polarized in the direction perpendicular to the paper of this

figure. We choose this direction as the quantization axis, so the laser light is 7r polarized.

The laser light pulse 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 -

light or the ulight which is polarized parallel to the paper in figure . The fluorescence

of the 659.9 nm 1s2 2P2) transition is selected and its intensity is measured with the

photomultiplier. The discharge cell consists of three layers. The central discharge channel

has an inner diameter of mm. The surrounding layer is for the purpose of controlling

the temperature of the discharge channel. In the present experiment, this space is filled

with liquid nitrogen, and the temperature of the discharge gas is 77 K. The outer layer is

vacuum for thermal insulation.

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,53p configuration

levels, i.e., 2P2 in the Paschen notation. The total angular momentum quantum number is

J'=I. Lower levels connected by electric dipole transitions are of the 2p'3s configuration,

i.e.,IS2 (J=I), 1S3 (J=O), IS4 (J=I) and 1s,5 (J=2). Since, in figure 2(b), we excite the

(J=0-4 Y=1) transition with the 7-component only the magnetic sublevel with 'Mj,=O

is populated among the three magnetic sublevels of the upper level 2P2 (J'=l)- Since we

observe the fluorescence of the (J=1 �- X=1) transition, this magnetic sublevel emits

only the ulight, as understood in figure 2(c). Figure 3 shows an example of the observed

fluorescence intensities of this component. This figure also contains the 7r-component It

is seen that the 7r-component is observed with substantial intensities. In tis figure, we

recognize that the relative intensity of the 7-component to the u-component increases with

time; i.e., the degree of polarization decreases. The degree of polarization is quantified in

2
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terms of the longitudinal alignment

AL (2.1)
I, 21,'

It is noted that this quantity is proportional to no - nl)/(no + 2n,)], and decays ex-

ponentially with time. Here no and ni are the populations of the magnetic sublevels

of the upper level. We define this decay rate as the disalignment rate. Figure 4 shows

the time dependence of the longitudinal alignment (with the sign reversed) as deduced

from the data of figure 3 Rom the fitted line in figure 4 we determine the disalign-

ment rate to be 8.9±0.3) 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 the atom temperature is virtually 77 K[21 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 x 10" m-' at the highest discharge current. From the measured disalignment rate co-

efficient of 4.1±1.0) X 1-13 M3/S [4], we obtain the disalignment rate of less than 10'

S-1 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 effect of an increase in radiation reabsorption: with the increase in the

discharge current the populations of the lower levels, 1S2 1S5, may increase, and, since

these levels are connected by the radiative transitions with the upper level 2P2, as seen

in figure 2(a), radiation reabsorption of these transitions may accordingly increase, and

thereby increasing the disalignment rate of the 2P2 level atoms.

3
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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 = I - 12 - I&II, (3.2)

where I, is the observed emission line intensity without the mirror and I2 is that with the

mirror. In the optically thin limit, a 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 137. 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].

4
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2. The initial excitation takes place in the axial region of mm diameter in the plasma

of mm diameter cylinder with infinite length.

3. The atoms in the lower level and the upper level have the same Maxwell distribution

with 77 K. This assumption is equivalent to the assumption of complete frequency

redistributions 9.

The steps of the simulation is as follows:

1. The initial state is the mj,=O magnetic sublevel of 2P2(J'=l), 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.

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

figure 2(a). In this transition, we treat transitions of (mj � m) to different lower

sublevels separately. We choose one lower sublevel mj.

3. Each of the transitions of (mi �- m) is characterized by the 3-j symbol. The

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

4. 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.

5. 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.

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

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

polarization state of the photon.

7. We return to step 1).

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

register the photons which emanate from the slit of m width and record te time

and the polarization state of each of them.

5
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We repeat this chain of procedures about 10' 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, 46 x 106 S-1, 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 laser light as the quantization axis, the

excited atoms are said to be oriented. The definition of the oriented states and the aligned

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 circ es an so i 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 1o6 s-1.

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.

6
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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 E by
laser-induced fluorescence (LIF) method. Circularly polarized LIF signals were observed in the
sheath region. Spatial profile of the degree of polarization PC showed characteristic features of the
interference. Using theoretically calculated P-E relationship, E-profile was successfully obtained
from the measured P.

1. 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 13]. There have been, Z

however, few methods applicable to plasmas in a

magnetic field B. We have developed a sensitive B
method to directly measure the electric field in

plasmas by using LIF of helium atoms 2 In tis

technique the electric field can be determined from E Laser Y
the linear polarization of LIF (He 1: n'l)-�2'I') el,

subsequent to the excitation of forbidden transitions Fig. I Geometry for laser-induced

(He 1: 2S-+n'D). This method has been extended fluorescence. eL: 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 ] In

EJB 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 E is perpendicular to (Fig. 1), the atomic interference can take place between the

Stark-induced electric dipole and the electric quadrupole (QDP) 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 (a) eLH B (b) eL I 

observed as the circular dichroism of LIF M-1 M=0 M 21P 1 M-0 M-1 21P

along the magnetic field, which is expected to T15
1/1 /10 1/10 1110 1/5 1/3

be an order of magnitude higher than the linear m�2 M M=0 �1 m=2 M_i M.0 M-1 .2
41D "I,\ 41D

one in sensitivity with respect to the electric 2 IS_ 2 2 I' 2
Is I 'I T SI IS�C12

field. \ I 
21S ZIL21S

The aim of this work is to show the Fig. 2 Relative excitation and fluorescence

existence of the interference in the laser transition probabilities for the various magnetic
sublevels of He I when E-LB. and Q represent

absorption process and the possibility of higher the Stark and quadrupole amplitudes.

sensitive electric field measurements by a

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

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

(a) Y AY
2. Experimental Slit X Slit

The stricture of the cylindrical hollow lasma E

cathode is depicted in Fig. 3 (a). The He
Sheat

plasma was produced in a cylindrical hollow M slit K A K

cathode (inner diameter of 30 mm and length Laser -14 14

of 60 mm) made of aluminium, with a AY Sheath

discharge current of 20 mA at a He gas

pressure of 053 Torr. A magnetic field of M LIF
C.P. X

55 G was applied to the plasma by setting a B

permanent magnet disk on the central axis I ser Glow

(z-axis) of the hollow cathode. The XA-plate

cathode-fall potential was observed by an W
G Ian Thompson
polarizing beam

electric probe to be 220 V. The cathode has splitter XA-plate

2) to L.P. C. P.
two rectangular slits (28xO.8 mm I n('� ��

Nikon U V k$U
introduce a laser beam into the cylinder and G250

then LIF can be observed in a region between

- I 4rnm and I m along x-axis. Fig. 3 (a) Schematic view of cylindrical hollow

cathode. (b) Geometry for LIF observation. (c)

Detection system of circular polarisation.

2
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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 ns. The polarization direction of laser eL 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 a-light was

separated into left hand IL and right hand IR circular polarization components by a IAX plate and

a Glan Thompson polarizing beam splitter (Fig. 3 (c)). Sensitivity of the detection system for

both polarization components was n situ calibrated by using circularly unpolarized LIF. The

degree of circular polarization Pc is defined as follows;

= I _IR
PC

IL + IR

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

3. Results and Discussion

Figure 4 shows temporal circular

polarization components of LIF, IL and IR, 0.12
0.10 eL B

observed with an axial magnetic field (B=55G) x-- +6mm
- 0.08 - 4 -

for e,-excitation at the negative glow x=+6 m). > -0-
>' U.U6 -

The observed a-light was unpolarized in the
0.04 -

negative glow, where only the QDP transition
r 0.02 - -

was excited, since the electric field is negligibly 0.00

small.
0 20 40 60 80

On the other hand strongly polarized LIF Time [ns]

was observed in the sheath x-+12 mm) for (a) Fig. 4 Time evolutions of polarization

e,-excitation and (b) e.-excitation, as in Fig. 5. components, IL and IR of 492.2 nm
fluorescence excited by laser polarized in the

IL is much stronger than IR. This clearly shows x direction, observed in the negative glow.

a difference in population among the magnetic

sublevelswithoppositesigninthefinalstateofthelaserabsorptiontransition,4'D. Thisisdue

totheStark-QDPinterference. Thepulseshapesalsodifferfromeachother. ForIRpulsethe

width is broader and the peak is delayed with respect to IL pulse. The value of Pc is very close

to unity at the onset of the pulse and then rapidly decreases toward zero with time. The decay

of polarization is caused by collision of the excited atoms with plasma particles, mainly He

ground state atoms in this plasma: R predominantly originates from the population created due

to the collisional transfer from in=+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

3
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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 (a) �/fl 0.08 a B

the population in a sublevel 0.06 - +12 mm 0.06 - x= 12 mm

with +2 in 41D to emit IL. U. U4 0.01 -

Subsequent collisional transfer 0.02 0.02

from m=+2 to m=O, - I or 2 0.00 OM -
1.0 1.0-

causes depolarisation. The 0.8 
.6-

collisional transfer m=+2 to 0.4 0.4
cl� 0.2 - 0.2

0

might take longer time than the 0.0
0.2 -0.2

transfer 1 to in case (a). -0-0 F
0. - 0.4

0 20 40 60 80 0 20 40 60 80
The spatial distribution of Time [ns] Time [ns]

PC is represented in Fig. 6 Fig. Time evolutions of polarization components, IL and IR,

Values of Pc are almost in the and of polarization degree of LIF 492.2 nm) observed 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>O and oppositely a decrease for x<O

towards the cathode surface. It is noted that the P-profile has a positive peak for xO and a

negative peak for x<O in the middle of the sheath where the electric field increases linearly.

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

basis of the atomic interference mentioned in Sect. 1. In the case of e-excitation, for example,

using the relative amplitudes of the 1.0 ' ' . I . .
B 556

transitions described in Fig. 2 the relative 0.8 P, = 053 Toff

e I 0
intensities of polarization components are 0.4 e,11B

given as, 0.2

IS Q12 U0.0
(2) 01 -0.2

IS _ Q12 -0.4
(3) 0

-0.6

Substituting eqs 23) into eq. (1), Pc is -0.8

-1.0written as a function of SIQ, -15 -10 ..5 5 10 15

PC = 2 SIQ (4) X[MM]
ll+(SIQYI 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 1 5 mm.

e,-excitation can be obtained as follows,
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2 SIQ

PC [I (SIQY (4')
9

Here, is the Stark-induced electric dipole transition (21S - 4D) amplitude, which involves a

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

dependence on E the signs of numerators, SIQ, in equations 4) and 4') are changed when the

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

The ratio SIQ can be related to E as follows, 1.0 . 11
Circular polarization

r 0. - n =4
sh E .(5)2 4C2 0.6 -

where C=0.24 kV/cm for n=4 6]. Putting eq. (5) 2 0.4

into eqs 4 and 4 the degree of circular 10 0.2
polarization, P, is obtained as a function of E. 0 0.0

Values of Pc calculated for e- and e,-excitation N -0.2 Linear polarization

are plotted versus E in the upper part of Fig. 7 A -0.4 =4

peak in each Pc curve is situated at an electric field --0.6
where SIQ approximately equals 1. Similarly, it -0.8
can be considered that peaks in P-profiles shown ......-1.0
in Fig. 6 correspond to the positions where 100 lo, lo, lo, lo'

SIQ 1. Joc has high sensitivity and wide Electric field [V/cm]Fig. 7 Calculated sensitivity of circular
dynamic range compared with the case of linear polarization.

polarization method as shown in the lower part of

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

the present case of n=4 it will be possible to measure very weak electric fields of the order of 0

V/Cm.

Figure 8 shows the radial distribution of
1200 . . . . . .

E obtained from the observed P. profile using 55 G'
1000 A eL I 

the theoretically calculated P--E relationship
800 v eLllg

(Fig. 7 Here, values obtained from P. V
600

observed at x<O are also plotted. In the >
400

sheath region the distribution shows a linear A
200 A, t

dependence against x. By extrapolating E the
0 A 6

cathode-fall potential and the sheath thickness t6 ±8 ±10 ±12 414

were estimated to be 200±20 V and 4 m, X (mm)
Fig. Radial distribution of electric field

respectively. The obtained potential agrees

5
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with that obtained by a cylindrical electric probe within the experimental errors.

4. Concluding remarks

The interference effect between the Stark-induced electric dipole and the electric

quadrupole amplitudes involved in laser absorption processes has been observed for the first

time in a cylindrical hollow cathode He plasma with the magnetic field applied perpendicularly

to the sheath electric field (EJ-B). In the middle of the sheath the LIF observed in the direction

of magnetic field was strongly polarized, which was obviously due to anisotropic population

created by laser excitation between magnetic sublevels with different sign, I 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>O and x<O, respectively. The theoretical

consideration showed that the peaks corresponded to the boundary between SQ and S >Q and

the sign of Pc means the direction of electric fields. The radial profile of E was obtained from

the observed Pc using the theoretical P.-E relationship 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 electric field of the order of 10 V/crn 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 wavefon-n is considerably modified by the frequent collisions of n'D

atoms with the plasma particles. In such cases it will become 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 involving 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

(21S-31P) line emission. Lines from nP and nD levels are strongly polarized and those

from n 3D 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 01. 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
Figure I shows the cusp plasma generator. Helium gas pressure is from 17 X 10-4 to 20

X 1,3 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 is not used in our present experiment. We

have a probe in the camber and it gives plasma parameters. When helium pressure is 17 X
104 torr the electron temperature and the electron density are 20 eV and I X Io 17 M-3,

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 nrn, bandwidth 1.5 rm, transmitting He I 501.6nm (2'S-3'P) line) and took a

photograph of the area marked (a) in Fig. . 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 Io, I45, I90, I135, 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

parametersQ=Io-IgoandU=I45-II35- Weassumethecircularpolarizationcomponentstobe

V = 0. 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 (it component parallel

to the magnetic field and component perpendicular to the magnetic field) by the

Glan-Thompson prism and focused on the four pairs of optical fibers (core diameter 400 gm,

length m) by a lens (f = 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 17 X 10-4 torr. The

left panel is for LOS I and the right one is for LOS 4 The 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

(21P-41S). 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. 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 AL= V-I,,)1(I,,+2I,,) to quantify the polarization degree.
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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

AL scale. As the 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 nrn 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.

InFig.6weplotthepressuredependenceofALforalltheLOSs. Statisticaluncertainty

issmallerthanthesizeofthesymbols. Herewenotethethreepoints. Firstwithan

increase in the helium pressure AL comes close to zero. Second, AL of the 492.2 nm line is

almost the same for all the line of sights. Third, AL 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 ALS. The emission lines represented by the broken line are

those the AL 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

level population. Figure 7(a) shows AL 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

comesfromthepopulationoftheupperlevel. Wedeterininethepopulation,n,withI,,+2I,,=

n(p),XpqAjq.HereXq isthephotonenergyandApqisEinstein'sAcoefficient. Figure7(b)

shows the distribution of populations in the log scale. Population has been divided by the

statistical weight.
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Fig. 1. The front view of the plasma generator.
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LOS

3

�Z

Fig.2. (a)AnexampleofHel5Ol.6ni-n(2'S-3'P)Iineimagesofarea(a)InFig.l. (b)The

magnetic field lines (solid lines), the ECR surface (broken line) and the line of sights (LOS)

of the optical system with the Glan-Thompson prism and optical fibers in the area. (c)

Polarization map for the 501.6 nrn line. The lines indicate the polarization direction and the

length of the lines are proportional to the square root of the polarization degree.
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Fig. 3 The side view of the chamber and the optical system.

PHe = .7 x 1 0 -Torr
Exposure Time 3 Om s
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Fig. 4 An example of the spectra of te (T component (solid line) and the component
(broken line) when helium pressure is 1.7x 10-4 torr. The left panel is for LOS I and the right

one is for LOS 4 These indicate 492.2 nm (2'P-4'D), 501.6 nm (21S-31P) and 504.8 nm

(2'P-4'S)Iines. Thencomponentsaredisplacedtotheright.
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Fig. 6 The pressure dependence of the AL of 492.2 nm line (cross) and 501.6 nm line

(circle) for all the LSs.
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Fig. 7 The energy level diagram of neutral helium and emission lines for which we

determined intensities and ALS. The emission lines represented by the broken line are

calibrated by unpolarized line from a S level. (a) AL expressed with a bar originating from

the position of the upper levels of the emission lines. (b) The distribution of populations in

the log scale.
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Abstract
A population-alignment collisional-radiative (PACR) model for neutral helium, He i, 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, Is' 'Si, and
metastable levels, ls2s IS, and Is2S, 3S], 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 Satum-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, np). Polarization degree of emission lines, or the longitudinal
alignment, AL, which we employ to quantify the polarization, is proportional to the
upper level alignment divided by the population, ap)ln(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=O. Anisotropic excitation, on the other
hand, would produce alignment ap) 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. (ii) 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 12 GHz at 875 gauss of the 245 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 i are examined experimentally and theoretically[2-6].

Csanak and Cartwright presented on the basis the relativistic distorted wave

approximation (DWA) the polarization degree[4] or the alignment production cross

sections, Q020, [61 for various transitions: i.e., from the ground state, 2S and 23S

metastable states to upper singlet and triplet, P and D states of principle quantum

number n up to or 6 It is shown that the polarization degree depends weakly on

principle quantum number n[5].

Figure I shows an example of the experimental observations of polarization on

helium atoms; the atoms in the ground state are excited by a beam of electrons. The

polarization degree, P, of the I S - nP emission lines in the VUV region is determined.

At the threshold energy, just above 21.2 eV for 2P, the polarization degree tends to .

It gradually decreases with the increase of electron impact energy. Then the

a 

-I
06-

4 -

P

2 -

0

.0
too 2�5 300 400 1300

ELECTRON ENERGY )

Fig. 1. Polarization of the He I (I ISO - I PI) 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 reproduces well the experiment. From the polarization

degree P or longitudinal alignment, AL= 2I(3-P), the alignment production

cross-section Q020 is obtained from the Q0 and ALsubstituted into the equation[81
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L,,L, J2 + 1) L L 2 1
Q20 (r, p) 1) (2L, AL p, sQ.0 (r, p) 1)

3

where ) is the 6-j symbol. For nS m'P emission line, Eq. (I. ) is simplified to

0 2AQ01 J L (r, p)Q (1.2)

We use the excitation cross section, Q00, data presented by Ralchenko et. al.[9]. For

n=2 3 4 , and 6 Q020 cross sections are calculated from[5] as shown in Fig. 2.

-21 22

...... ..... . ... ... .........
10 lo-

n 2

2 2 ...... ........ ..... -23
10 10

4
--2

A1� 1 10 -13 5 N ............................ .....A ... .......... '24
I 0

3 
of

14

5-2 4 . ... ..... ...... ...... .... ................ 2 5
10 10

6

-25 2610 lo-
10 I 10 2 1 3 10 I 10 2 to 3

, energy eV energy eV
Fig. 2 Excitat on and alignment production Fig. 3 Excitation and alignment production
cross Sections, Q0 and Q020, from the I cross sctions, QO (O QO 20, from the I S level
level to nP levels. Thick solid curves: QoOO to 4 ID level. Thick solid curve: QOOO
Ralchenko el. al.[9] . Thin dashed curves: Ralchenko el. al.[9], Thin dashed curves:
Q020 Csanak and Cartwright[5]. Marks Q020 Csanak and Cartwright[51, Dotted
and A: QoOO and Q020 Bray[7]. curves: Q020 McFarland 2 Marks Oand

A: QoOO and Q020 Bray[7].

The dashed curves represent the alignment production cross sections, Q 20

which change their sign from negative to positive. Recently, Bray provided

magnetic-sublevel-resolved cross section data for excitation from the ground state to 31P,

41P, 3 3P and 4 3D, from the 21 metastable level to 3 P, 41 P, 3 3 P and 4 3 D, and from the

23S level to 3P, 4P, 3 3P and 4 3 D 7 calculated by the Convergent Closed Coupling

(CCC) method. In Fig. 2 circles ad triangles represent o 00 and Q 20 which are
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deduced from the CCC sublevel-resolved cross sections QcLWc,'L'M' [81 for transition j

+-a'J'or r--� P

00
0 (r, p = (2L'+ 1) mm, Q.LMa'L'U' (1.3)

20 1 (_I)L-Al
Q(', (r, p =(2L'+ 1) mm, (L L M _M 120) QaLMa'L'M') (1.4)

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

excitation on an electric dipole transition, I'S-+ nP, no significant difference is

observedbetweentheresultsofDWAandCCC. Wenowtookatl'S--+n'Dexcitation

cross sections as shown in Fig. 3 From the theoretical polarization degree calculated

by DWA [5], the alignment production cross sections Q020 are obtained as shown by the

dashed curves. The experimentally observed polarization leads to Q 20 shown as

dotted curves[2]. The cross sections o0oand Q020 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 nD states, we assume that the

polarization degree, or AL, is independent of the principle quantum number n and then

we use the polarization[2] and the Qo00 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(vO). We expand the EVDF in terms of Legendre

polynomials,

f (V, 0) ZX (V)PK (COS 0) (1.5)
K

with

fK (V = [(2K + 1) / 21 f (v, O)P,,(cosO)sinOdO (1.6)

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

distribution expressed as

3 2
t M MPv,0)=2n- � � eXp V2

1+,5 27rkB7:th 2kBTeih (1.7)

+ 2n (5 A, exp M (V2 - 2vV, sin 0 + V, 2)

1+,5 2kBT�,

where Ar is the normalization factor for f (v, O)v'sin dOdv = I m is the electron

mass and kB is the Boltzman constant;

- 15 -



I _(2nkT, Mj�2 + ( 2EkBT,
exp - nP� I+Erf V, (t.8)

MM 2 ckA, - �� � B �RkJe,

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 Saturri-type EVDF. The variable electron temperature parameters Tth and T, are

for the thermal and ring components, respectively. The ratio of number density of

these components is 6 The displacement of the ring component is given by ,

Exmaples of the EVDF are plotted in Fig. 4.

(a) (b)

5 5
2 2 

V lo, 5 V 106 M S 5

5 2.5 2 

5 106 5 5 .5V 106 M S

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

ring component =0 (b) Anisotropic Saturn-type: T,,, I eV, T, I eV,

V,�=2.6,, 106 m/S, 5= .

The rate coefficients &'are defined for transition r - p as,

C" (r, p) fQO, r, p)2fo (V)V3 dv (1.9a)

2
C" (r, p) fQ010 r, p) - f2 (v) v dv (1.9b)

5

C02 (r, p) f(?.12 r, p)2f2 (v) v dv (1.9c)
5
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]2fC" (r, p = fal" r, p) + Qj" (r, p) + Q22'(r, p) (V) V3 dv
5

+ Q'22 2 f+ f 2Q,2'(r, p) (r, p) - 222'(r, p) 2 V) V3 dv (1.9d)
35

Q2 2 Q122 2 f+ 6 (rp)-4 (rp)+Q2"(rp) (V)V3 dv
105

When the excitation originates from an state, there are no Q002, Q22 cross sections.

Thus neither C,02 nor C,22 component appears from the level. The Legendre expansion
fcoefficients of EVDF, k V, O)V3 (k--O 2 are plotted in Fig. 5(a) for parameters; Th

=10 eV, T,=10 eV, 5= I and three different values in V, . The peak position of

V'fo(v) moves with the increase of V. The shapev'fo(v) of V= 2.6x 106 m/s is quite

similar to that of the Maxwell distribution of 20 eV. The vf2(v) contribution to the

alignment production rate coefficient eo increases with the increase in V, Fig. (b)

and (c) shows QOOO Q20 for I S,3'P and for I S--+41 D, respectively. We can see that

dependence on EVDF is different for individual transitions.

I 10 50 100 200
1 1 . , . I- .I.........I.....

0.4 -(a) 8=1
Fig. 5. (a) Legendre expansion terms of the EVDF,

0.0 f, (v, O)v' (k = 0 2 for three different values of Vr,

and Th = T, = I eV o5 = 1. Solid curves: V,
Z' -0.4

X 106 MS' 1061.8 lOeV. Dashedcurves: V=2.6xPI
-0.81 1 1 1 1 106 M/S'

3 m/s,20eV. Dash-dottedcurves: V=3.8-

2- 00 40 eV. Dotted curve: Maxwellian 20 eV) for
QO comparison.

Cross sections for (b I S--+3 1 P and for (c) I S--+41 D.

0 Bray[7jQoOO(O)andQO'O(A). Solidcurves:Qooo
QO 20Ir I Ralchenko et. al.[9], Dashed curves: Q Csanak and

3(c) '� - 4W Cartwright[51, Dotted curve: Q 20 McFarland[21.

2- QO 00

0

0 2 4 6 8 10

velocity (106MS-1
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Weallocatedtwoquantities,populationn(p)andalignmenta(p)toeachievelp. We

have a set of rate equations for the population and for the alignment,

dn(p) / dt = E[COO(r, p)n, + A(r, p)] n(r)
r*p

- C'(pr)+S(p) n,+ZA(pr) n(p)
r*P r*p (L I Oa)

+ Y Co'(r, p)na(r)
r*p

-C"(pp)nea(p)

da(p) dt = 1: 00 (r, p)nen(r)
r* P

-C"(pp)nn(p)

�[C"(rP)ne+A (rp)]a(r). (L I Ob)
r*p

- C"(pp)n,+ZA(pr) a(p)
r*p

The first two lines on right hand side (rhs) of Eq. (1.10a) are the conventional rate

equation for population. We have no cross section data Q002 for the rest of two tenons

in Eq. (L I Oa), so that we neglect C102 (r, p) and C,02(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 population in other levels r. The second line, the

alignment production by elastic collision C20(p, p) is not included in the present

calculation. A quantum-mechanical formula for the alignment creation cross section

has been derived by Csanak et al.[10]. It is expected to be small. On the third line

the alignment transfer C,22 (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 Io of the emission line for p--+s

is proportional to the population

IO n(p)A(ps)ho). (I. I )4)rl2

When we observe the emission line from the direction perpendicular to the quantization

axis, it is also given as

Io = 2 I. 2IJ, (1.12)
3

where 1, and I. aretheintensitiesofthepolarizedcomponentsoftheline[II]. We
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employ the longitudinal alignment

- I't IC,
AL (1.13)

1, + 2I,,

This quantity is related to alignment ap) and population np by

A, p, S) 1) LP+L, 3 (2L + L L 2 a(p)
J2 P I I , 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

23S+-n 3p transitions observed in the cusp experiment, the longitudinal alignment is

given[ 12 as

+L, L L 2 a(p)A, (p, s = yG (L _,)L, (2L + ) (I. 15a)
P 2 2 1 1 L, n(p)

where

L J SP 2G(LP) (2JP + 1)' (I. I 5b)
K y 2SP +I _'P JP L K

Figure 6(a) and (b) shows the alignment over population, a#n(p) and

population density, np)lg(p) plot assuming Satum-type EVDF for the parameters; T�th =

10 eV, T = 10 eV, V = 1.88x 106 M/S g= 1. The population distribution is

non-nalized at the 3S level to the observed one. From the experimentally observed
intensity 10 and longitudinal alignment AL on the cusp plasma, we plotted the alignment
over population, ap)ln(p) and the population density, np)lg(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 is the difftision of metastable atoms out of the plasma and the second is the
radiation trapping or radiation re-absorption of the I'S-n'P emission lines. We find
from the collision mean free path and the diffusion coefficient that the 2 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 2P level at 875 gauss at the ECR resonance
is smaller than the FWHM of Doppler line broadening, emitted photons from the 2P
and 3 P to I 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 A 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 go.4. The 2P and 3P 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 [ 3 to estimate the 72 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]whereRistheradiusoftheplasma. ThealignmentdestructionrateYdiSthesum

of the disalignment rate Y2 and the depopulation rate yo: Yad = 72 70. We thus add the

rate coefficients of alignment destruction as C22 (pp)ne+Y'.,A(pr)+y2 in the

fourth line of rate equation, Eq. (I. I Ob). This relaxation effect of atomic polarization

by radiation re-absorption reduces ap)ln(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 Qooo and o'o from I'S, 2S or 2S to 3'P, 4D, 3P or 4D levels.

0.10 (a) 0.10
0.08 PACR 0.08 (C 3n ExDeriment

0.0 0.06 - P

0.0 0.04 - n D

30.02 0.02 - n D
0.0 0.00

-0.02 -0.02
(d)

12 12
10 to

n S P
E n P " ' I I

IL � 11 P n 

t 10 3s-. 10 7n
n D n D

113PIF --- W--IK, 3

10 10
10 2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 9 9

10 I 
n* n*

Fig. 6 (a) Observed alignment over population, a(p)ln(p), distribution derived from

longitudinal alignment. Abscissa is effective principle quantum number, W (b) Observed

population density, np)lg(p), distribution. (c) Simulated alignment over population

distribution by PACR model. The EVDF is Saturn-type defined by eq. 17). (d)

Simulated population density, np)lg(p), distribution.
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The alignment over population ap)ln(p) of n 3D obtained by PACR model simulation is

negative or close to zero except for 4 3D, only for which we use the CCC cross section.

Production of the population and the alignment in the n 3D level has two dominant

contributions, i.e., from the ground state, and from the 2 metastable state. We

compare Qo00 and Q020 from CCC and DWA from the I'S and the 2 S to 4 3D as shown

in Fig. 7 For the 13 S-43D transition, the absolute value of CCC Q020 i two times

larger than that of DWA, and both DWA and CCC give Q020 negative values. The

Legendre expansion term vf2(v) of the Satum-type EVDF is negative. Then the rate

coefficient (o which is the integration of the product of Q20 and vf2(v) over the

velocities gives a positive alignment on the 4 3D level from the I IS level. On the other

hand 2 3S-43D transition, DWA cross section gives positive alignment and CCC cross

1.5 section is negative near the threshold.
I 3(a) 00QO I 4D If we adopt the CCC cross section, the

1.0 - rate coefficient C20 gives a positiveC?
3alignment on the 4 D level from the

0.5 - 3S2 level. So the alignment
3S

0.0 - 1- - production from both the I' and 2
20 levels is positive. On the other hand,

Q0 
-0.5 if we employ the DWA Q020, which is

8 positive, the rate coefficient C20gives
(b) 60 3 3 3

6- QO 2 -4D negative alignment on the 4 D level

4- from the 2 S level that is opposite to

the contribution from the I level.2-

0 The alignment production from the
3S2 level is larger than that from I' 

2- 0 3
I I I level, and then the alignment of 4 D

0 2 4 6 8 10 level becomes negative. In order to

velocity 10 6m/s) be consistent with the experimental
observation and the assumed EVDF

Fig. 7 Cross sections for (a) II S--+43D and for (c) is the CCC Q020 cross section is

23 S--+4 3D. Marks (o and A): Qo00 and Q020 CCC by preferable. In order to be more

Bray[7]. Solid curves: Qo00 Ralchenko et. a.[9]. quantitative, we need many cross

Dashed curves: o 20 Csanak and Cartwright[5]. sections which are of high quality.
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Abstract.

The 19.6 nm x-ray laser line due to a - 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 3 - s 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
: +100 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 3 - 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.[31 estimated the elastic cross-sections between 3s sublevels and
found it so laxge 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 Jacquernot [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 61 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), 2p6 J=O, the lower level of the
lasing line (1) 2p'3s J=1 and the upper level of the lasing line (u) 2p'3p J=O At
the beginning of the plasma heating, there are not enough emitted photons to be

2
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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
6,,, ey, 6, 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 I 

PI Mj --., 6j, mj Nmj Mil
Nmj being the population of the sublevel Mj and , Mj the Kronecker symbol.j
Futhermore, the population does not depend on the sign of Mi:

I I
P+1 1 P-1 -11 (2)

T, (keV) 0.2 0.3 0.4 0.5

C. 1.60(-2) 1.24(4) 3.31(-1) 5.84(-I)
C, 3.36(-4) 2.43(-3) 6.38(-3) 1.13(-2)

C,. 5.82(l) 4.93(l) 4.41(l) 4.06(l)
Co + 9.99(-l) 7.73(-l) 6.07(-1) 5.14(-I)

Table 1. Rate coefficients (in units of 10-11 cm'/s) for excitation (g u, g 4 1),

i.e. C,, g, 1,9, de-excitation (u -� 1), Ci,, and "elastic" (1, Mj = +I --� 1 M = ),
Co+, transitions for thermal electrons of temperature T,

3. Collisional radiative model (CRM) at the beginning 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 (6x, 6y, 6.) 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 = ,
the lower level of the lasing line (1), J = , the upper level of the lasing line (u),
J = . They are sublevels "u", i.e (u) Mj = ; 'Y', i.e (1) Mj = 1; "O", i.e
(1) M = i.e = 1; and "g", Le (g) M = .

dp I
mm _E Bm n Pni n (3)
dt

n

3
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Figure 2 Collision strengths, Q0 1, from the ground level (g), J 0, to the
sublevels, Mj = 0, 1, of the lasing line lower level, (), J = , for beam electron
along 6.. The total collision strength is = 2 ,

In Fig. 2 are presented the collision strengths for beam electron along the
z axis, to be used to calculate Cg = C-g and Cog. We see that these collision
strengths can be very different, i.e. Po 1. The spontaneous decay rates are
respectively A', = 1653 1012 s-' and Ar = 2015 10'0 s-'. In Table 1, for9 I
isotropic Maxwellian electrons, are given excitation/de-excitation rates, as well

as elastic" transition rates between I sublevels 4 Co+ = C+O = o = C-0.
Due to a small energy difference, excitation/de-excitation between excited states
u and I 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-therinalized. Including these data in Eq. 3 we get (p P+ )

dpuL r= Ne Cug p-' - (A + NClu) P.., (3.1)
dt 99

dp I 1 r

�NeC+gpl NeC+opl - (A NeCIU) PU
dt 99 00 3 1

- (Ar + N Co +)P (3.2)
9 ++I

dp r
0 - Ne Co g 2 N.� Co + - (Al + N.�Cj.) PLu

dt Ng 3
r- (Ag I 2 N C+o) po, (3-3)
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Figure 3 Angular distribution of the emissivity AM 0, Oam(O)
3sin'(O)/8ir, and AM = ±1, 06,m(O = 3(1 + CS2(0))/167r, between the lev-

els J = and J = 

dpgLg = Arl (2p+ POLO - N. (Cg + 2C+g + Cog)pgLg- (3.4)
dt 9 +

4. Ernissivity

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 = or AM = 

2
IE It r CY I N" J) OAm(O). (4)

J, MJ') (Ck J Mj (0 = A JI) (a J M"Mi - I Mj Mi
I Mi

Cj,,'j'j m is a Clebsch-Gordan coefficient. For the present model
IM2

(U - + Ou Ar P. OAMI=1(0), (4.1)
C+U = 3 lu

(+ (Ou g) (g =A r, PI 01AM1=1 (0) (4.2)+

(U -+ 0) Ar P OAM=0(0), (4.3)
3

r(O - g fgo = A 1 PUU OAM=0(0). (4.4)

In Fig 3 are shown the 2 angular distributions 06,m(O), for AM = 0, 1

5
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Rom now on, we shall only consider the radiation parallel to the Ge-slab,
i.e. along = For convenience, we define z = c t. 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(v, 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). AQ is a small solid angle

10 millisteradian 6:

I,,, V, Z = El AQAr. p,, hvi. �(v - v.), (5.1)
19Z 4ir

OQ U (V, Z) = Q (V, Z = 0, (5.2)az lu
19 Igj(V'z = El JV, Z) 3AQ A', p' + p' ) hvg 1 �(v - v, (5.3)

Oz 9 87r 9 +

a Q 3AQ
Qg I V, Z = g , (v, z) - A' I po' - p' +) hv, i � (v - v, (5.4)

az 87r 9 +

The linear polarization degree is defined as:

P(V, Z = Q(V' Z) (6)

I(V, Z)

From Eq. 52), we see that, at the beginning of the laser amplification, the x-ray

laser line (1 u) is not polarized. But, if pLO p , the resonance line ( 1 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. I e, ey, e)

-+(II : f, Ey, 9,). The sublevels of, J = , Mj = -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 901: the first one around 6y, 6 -� f,; the second one

around Z. The new sublevels are a linear combination of the old ones [81:

M I 0 0 0 0 1 0 0 0 0
0 1 + 1 0

2 V2 2 0 exp (q) 0 0 02

(1) (0) R 0 O + O 0 0 1 0 0
v/2 V2 xp (-i") 0

(+ 0 1 I i 0 0 0 0 e
2 2 2 2

W 0 0 0 0 1/ \0 0 0 0 1)

6
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d 0 00 0 d 0 0 0 0
0 a 00 0 0 I+a 0 1-a 0

2 2
P 0 0 b0 0 P11 0 0 a 0 0

0 0 0a 0 0 1-a 0 1+,, 0
2 2

0 0 00 f 0 0 0 0 f

where: d p..; f = p; a = p' + p' -; b p,,'�.

P11 = Rp R dP11 R dp�L R+ (7)
dt dt

We see that
11 P11P P++; + + -

Using 3.1-4) and 7), we obtain:

dp.11 U = N, Cu, pil g - (A ru + N� C, u) Pull u, (8.1)
dt 9

dp1+1 +
N�(Cog+C+-9)plglg+l(A'u+NeCu)plulu-A'Ipll+-NeCo+p"-, 8.2)

dt 2 3 1 g + +

dpl +I - (Cog - C+ g) p1l, - A', p1l 11

= Ne. 3 N, CO+p
dt 2 9 + (8.3)

dpoll 0 ='v'C+9P11 +2NICO+pll r r I Poll 0,99 -Adt + - + 3 (A 1u + NXu) puu .9 (8.4)

dpilvgg = Ar 11
91(JPOO+2p" )-N,(Cug+2C+g+Q.9)pg1g. (8-5)

dt ++

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 [91) by:

a Itu (v, Z) = d (v, z) - Kju (v, z) 1ju (v, z) - K,� (v, z) Qju (v, z), (9. 1)
09Z lu

Q1U (v, Z) = 'EQ (v, z) - Kilu (v, z) Qju (v, z) - Kj� (v, z) Iju (V, Z), (9.2)az lu

7
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a Ig, (V, Z = II v, z - KI (v, z) Ig, (v, z - KQ v, z) Q91 (v, z),6z- 9 9 gi (9-3)

a
Q91 (V, Z) = Q (V, Z) - KIi (V, Z) Qg1 (V, Z) - KgQj (V, Z) Igt (V, Z) - (9.4)

i9z
The emissivities have already been defined in 5.1-4). In 9], the expressions of
the opacities KI and KQ are given:

Kj'. = A .4ir V12u (PI +1 + PI., (v - VI (lo. 1)

Kj� = c� Ar. PI, �(V - VIU), (10.2)
47r V12u +

3 c2 Arg,
Kg,, - (P911 gPil +) � (v - V-9 (10.3)

47r Vg2 I +

3 C2 Ar
KgQ 91 6(v - Vg1).-21 P+ (10.4)4ir g

Now we include the effect of radiation in the right hand side of equations

(8.1), 8.2), 8.3), and (8.5).

dpull It ( Z)
U + p++ ludt Pull .)A` f 2chvl,, 6(v - viu) dv

Q1 U (v Z)
+ (PI P u)A"u f 2chvju VV VI U) dv, (8. 1 b)

dpil Ar" f I1U(Vz)
++ + (U1U P11 +)-IU � 1 �(v viu) dv

dt + 3J 2chvlu

11 p911.9) A r, f I,91(v, Z) vv - v.,) dv, (8.2b)
-(P+ + 9 2 c h v.,

dpil A'. Qiu(vz
11 -)-1U+ + (U U + 6(V - VIU) dv

dt 3j 2chvju

11 r Q., I (v, Z) �(v - v.,) dv, (8.3b)
- (P+ P99)A91 f2 c h v. I

d p �91.q + (PI - pg1I g) A r, Ig I (V, Z) C(v - v.,) dv
dt + + 9f2 c h v.91

+ (PI+' - PI I g) A r, Qg I (v, Z) �(v - vgj) dv, (8.5b)
9 9f 2chvgl

Eq. 84) is not modified because the radiation is transverse to E,

8
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Eq. 52) shows that cQ (v, z = but, Eq 9.2) shows that, due tolu

Kju (v, z) Qju (v, z - K (v, z) Iju (v, z),

it is possible that Qiu(v, z : 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= - 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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