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Abstract
The third US-Japan Workshop on Plasma Polarization Spectroscopy was held at the

Lawrence Livermore National Laboratory in Livermore, California, on June 18 – 21,

2001.  The talks presented at this workshop are summarized in these proceedings.  The

papers cover both experimental investigation and applications of plasma polarization

spectroscopy as well as the theoretical foundation and formalisms to understand and

describe the polarization phenomena.  The papers give an overview of the history of

plasma polarization spectroscopy, derive the formal aspects of polarization spectroscopy,

including the effects of electric and magnetic fields, discuss spectra perturbed by intense

microwave fields, charge exchange, and dielectronic recombination, and present

calculations of various collisional excitation and ionization cross sections and the

modeling of plasma polarization spectroscopy phenomena.  Experimental results are

given from the WT-3 tokamak, the MST reverse field pinch, the Large Helical Device,

the GAMMA 10 mirror machine, the Nevada Terrawatt Facility, the Livermore EBIT-II

electron beam ion trap, and beam-foil spectroscopy. In addition, results were presented

from studies of several laser-produced plasma experiments and new instrumental

techniques were demonstrated.



Preface

The US-Japan Workshop on Plasma Polarization Spectroscopy was held during June 18 –

21, 2001, in Livermore.  This was the third meeting of its kind following the first US-

Japan Workshop at Los Alamos in 1994 and the second such workshop in 1998 in Kyoto.

The Third US-Japan Workshop on Plasma Polarization Spectroscopy was attended by 22

US and 6 Japanese participants.  In addition, there were 6 participants from Russia, South

Korea, and Germany.

The purpose of the three and a half day workshop was to review the current applications

and assess the future scope of polarization spectroscopy as a diagnostic tool for fusion

plasmas in MFE and ICF, for short-pulse laser-generated plasmas, Z-pinch produced

plasmas, electron-ion beam interactions, and for astrophysical sources.  The workshop

addressed both experimental and theoretical issues pertaining to the emission of polarized

radiation from plasmas.

Workshop topics were:

•  Reviews of the plasma environments that create polarized ensembles of atoms,

electrons, and ions resulting in polarized radiation

•  A review of the current status of theories that describe the creation and

destruction of ensembles of polarized atoms, electrons, and ions

•  Diagnostic techniques for identifying polarized radiation and plasma processes

creating polarized ensembles

•  Effects of magnetic and electric fields

•  Assessment of relevancy to fusion energy plasmas

•  Needs for atomic data for proper descriptions of plasma polarization

phenomena

The presentations covered the three main classes of Plasma Polarization Spectroscopy.

The first class deals with the polarization of atomic radiation caused by the effects of

electric and/or magnetic fields.  An example of this class of Plasma Polarization

Spectroscopy is the  Motional Stark effect (MSE), which has become a  prime field



diagnostic of magnetically confined plasmas.  The second class deals with the

polarization caused by the anisotropic excitation of atoms and ions.  An example of this

class are x-ray spectra excited by electrons in an electron beam.  Polarization can thus be

a diagnostic of the electron velocity distribution function, for example in magnetic mirror

machines, X pinches, or laser-produced plasmas.  The third class represents phenomena

caused by a mixture of Class 1 and Class 2.  An example is the radiation produced by

light ions excited by beam electrons embedded in mega-Gauss transient fields.

In the spirit of a workshop, the program consisted primarily of long and medium-length

oral presentations given by workshop attendees, allowing for ample discussions.

As organizers we feel that the Third Workshop marks a milestone in the progress in

Plasma Polarization Spectroscopy.  While the field was still in the development phase

during the first and second Workshops, it has now matured into an established area of

research.  The presentations during the Third Workshop showed that Plasma Polarization

Spectroscopy has found wide application in both low and high temperature plasma

research and that it has become an indispensable diagnostic tool for many experiments.

This Proceedings describes the many different aspects and applications of Plasma

Polarization Spectroscopy.  We hope the reader will find the topics in these papers

interesting and stimulating.

Finally, we would like to acknowledge many people who have contributed to the success

of the Workshop.  Our thanks goes foremost to the conference secretary, Bertie Gros-

Baumgartner, who made the many arrangements necessary for a smooth event.  We thank

Carl Bruns for the Monday night barbecue, Phil D'Antonio for setting up the computer

room, Eryn Davis and Daniel Thorn for helping with the Proceedings, as well as Ed

Magee, Vickie McFadden, Ida Hartman, and Terry Strahl for their varied contributions.

Last but not least, we thank Bill Goldstein and Ron McKnight for their financial support.

Work by the University of California Lawrence Livermore National Laboratory was

performed under the auspices of the Department of Energy under Contract No. W-7405-

Eng-48.

December 2001,

Peter Beiersdorfer

Takashi Fujimoto
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 9:15 - 9:30 Welcome (Beiersdorfer)
 9:30-10:15 Session I (Fujimoto)
10:15-10:30 Break

10:30-12:30 Session II (J. Kim, Y. Kim, Jacobs)
12:30-14:00 Lunch, email
14:00-16:00 Session III (Petrashen, Iwamaee, Csanak)

16:00-16:30 Break
16:30-19:30 Session IV (Mancini, Bureyeva; barbecue dinner provided)

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

LIST OF TALKS MONDAY
in order of presentation
(only presenter is listed)

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

"Plasma Polarization Spectroscopy---Past, Present and future Scope"

Takashi Fujimoto, Kyoto University, Japan

"Measurement of the degree of polarization of the spectra from laser produced Al

plasmas"
Jaehoon Kim, POSTECH, South Korea

"Analysis of charge separation in neutral gas confined laser produced plasmas by

polarization spectroscopy"
Yong Kim, Lehigh University, USA



"Density-Matrix description of Atomic Radiative Emission from Autoionizing States in

Electric and Magnetic Fields"
Verne L. Jacobs, Naval Research Laboratory, USA

"Theoretical principals of spectropolarimetric sensing"
Alexander G. Petrashen, St. Petersburg, Russia

"Plasma Polarization Spectroscopy on Magnetic Confinement Plasmas  and Population-
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Atsushi Iwamae, Kyoto University, Japan

"Plasma Polarization Spectroscopy for the O V Ion: Relevant Collision Cross Sections
and Kinetic Modeling"

George Csanak, Los Alamos National Laboratory, USA

"Polarized X-ray satellite line emission in non-equilibrium, transient Si plasmas"

Roberto Mancini, University of Nevada, Reno, USA

"Quasiclassical Theory of Dielectronic Recombination in Plasmas"

Lyudmila Bureyeva, Scientific Council on Spectroscopy of the
RAS, Russia

Barbecue dinner will be served in the park area across the street from B219.
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13:45-15:40 Session III (Yoshikawa, Shlyaptseva, Goto)
15:40-16:00 Break
16:00-17:45 Session IV (More, Yoshikawa, Den Hartog)

-------------------------------------
LIST OF TALKS TUESDAY
in order of presentation

(only presenter is listed)
-------------------------------------
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"The effect of polarization on electron impact excitation cross-section measurements

using an EBIT source"
Hui Chen, LLNL, USA

"Determining the electron temperature in an EBIT using x-ray plasma polarization
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Peter Beiersdorfer, LLNL, USA
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Lyudmila Bureyeva, Scientific Council on Spectroscopy of the
RAS, Russia
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"Measurement of polarization of atomic helium lines due to strong caviton fields caused
by IREB-plasma interactions"
Masayuki Yoshikawa, University of Tsukuba, Japan

"Theoretical development of x-ray line polarization spectroscopy: polarization database
and influence of magnetic fields"

Alla Shlyaptseva, University of Nevada Reno, USA

"Determination of the line emission locations in the LHD on the basis of the Zeeman

effect"
Motoshi Goto, NIFS, Japan

Hydrogen spectra in microwave fields
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Spectral Motional Stark Effect Measurements of Magnetic Field in Low-Field (< 0.5 T)
Plasma Confinement Devices"
Daniel Den Hartog, University of Wisconsin, USA



----------------
Wednesday
----------------

9:00 - 10:50 Session I (Shlyaptseva, Baronova, Smith)

10:50-11:10 Break
11:10-12:10 Session II (Beiersdorfer, Reed)
12:10-13:45 Lunch
13:45-15:45 Session III (Kawachi, Fujimoto, Petrashen)

15:45-16:00 Break
16:00-17:30 Session IV (Baronova, Träbert, Neill)

18:00-21:30 Dinner at Garré Winery

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

LIST OF TALKS WEDNESDAY
in order of presentation
(only presenter is listed)

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

"X-ray spectropolarimetry studies at the Nevada Terawatt Facility and LLNL EBIT"

Alla Shlyaptseva, University of Nevada Reno, USA

"An X-ray polarimeter based on quartz crystal"

Elena Baronova, RRC Kurchatov Institute, Russia

"Measurement of the Polarization of the Kß2 Line of heliumlike V21+"

Augustine Smith, Morehouse College, USA

"Some problems with determing the polarization of H-like ions"

Peter Beiersdorfer, LLNL, USA

“Plasma polarization spectroscopy in an optical field ionization plasma"

Tetsuya Kawachi, JAERI, Japan



"Electron collisions of highly excited atoms:

Toward the population-alignment collisional-radiative model for recombining plasma"
Takashi Fujimoto, Kyoto University, Japan

"Quantitative spectropolarimetric sensing of the different ionized media"
Alexander G. Petrashen, St. Petersburg, Russia

"Characterization of large spherical crystals on optical contact"
Elena Baronova, RRC Kurchatov Institute, Russia

"Polarization studies in fast-ion beam spectroscopy"
Elmar Träbert, LLNL, USA

"Polarization measurements at EBIT using Calorimeter and Crystal Spectrometer data"
Paul Neill, University of Nevada, USA

The workshop dinner will take place at the Garré Winery (opens at 18:00).
The winery is located on Tesla Road at the intersection of Greenville Road and
Tesla Road:



-------------
Thursday
-------------

We will meet for buses in B219.

 9:00 - bus leaves B219

 9:15–11:00 Tour of magnetic fusion research facilities in Building B435
Hosts: Bick Hooper (Spheromak)

David Hwang (Davis Divertor Tokamak)

11:15-12:30 Tour of EBIT facility, Building B194

Host: Peter Beiersdorfer

12:30-14:00 Lunch, email
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Ã�ÄhÅ2ÆÈÇkÉ ÊWËwÌ�Í|Ç�ÄhÊ5ËwÌRÇkÎ<Å�Ï
ÍÐÅ�Ï Ê�Ñ:Ì`ÏÒÅ2Ó ÇcÌ`ÎBÏÔÇhÉ ÊWÊ5Õ�Ö ÄkÊRÍhÍ|ÎBÅ2Ï¸×�Å�Ä@ÇhÉ Ê)Î<ÏCÑ�Ë<ÎBÏ ÊRØ�ÌRË<Î<Ù�Ï Æ�Ê5ÏIÇÇkÉCÌ`Ç�ÎwÍ�Å2ÓCÍ|Ê5ÄhÚ�ÊRØ�×�ÄkÅ2Æ�ÇkÉ Ê�ÛÝÜÞÌRÕ�Î�Í)ß-ÌRË<Å2ÏIÙ¸ÇhÉ Ê¿Ø�Î<ÄhÊRÑ�ÇkÎBÅ2Ï�ÅR×�ÇkÉIÊ�àCÊ5ËwØ�áâ�ãåäkæçéè�ê ß|ëcìníkî�ïYënìníñðÂá�ò�órô)õ�ök÷�øùAß³úû á-ü ß-ý�þBÿ����CáÌ`Ï
ØÒÇkÉ Ê¿Í�Î<Ù2ÏCÌ`Ë�Å`×�Ë<Å2ÏIÙ2Î<Ç��
Ø�ÎBÏ
Ì`ËbÌRË<Î<Ù�Ï Æ�Ê5ÏIÇ#ÇkÉ
ÌRÇ@Î�Í�Å2Ó
Í�Ê5ÄkÚ�ÊRØ�ÌRÇ�ÇkÉ Ê¿ÍhÌ`Æ�Ê¿Ø�ÎBÄkÊRÑ�ÇhÎ<Å�Ïâ ãéähæ� ê ß|ë ì ïë í á�ò �� ý ÷ ø	 ß úû ábï!ô)õ�ök÷ øø ß úû á-ü ß-ý�þBÿ���
®áÌ2Í���Ê5ËBË Ì�ÍÐÇhÉ ÊWÍ|ÎBÙ2Ï
ÌRË&ÅR×bÇkÉ Ê�Ë<Å�Ï Ù2ÎBÇ�
Ø�ÎBÏ
Ì`ËÂÌ`ËBÎ<Ù2ÏIÆ�Ê5Ï Ç�Å�Ó
Í|Ê5ÄhÚ�Ê®Ø¸ÌRÇ@Û��%ÌRÕ�Î�Í@ß³Ö
Ê5ÄhÖ
Ê5Ï��Ø�Î�Ñ�� ËwÌRÄ�ÇkÅ�ÇhÉ Ê¿Ø�Î<ÄhÊRÑ�ÇkÎBÅ2Ï�ÅR×�ÇkÉIÊ�Æ�Ì`Ù2ÏIÊ5ÇkÎ�Ñ�à
Ê5Ë�Ø�áâ ã ì æ� ê ß|ë ä ï!ë í á�ò �� ý ÷ ø	�� ô)õ�ß³÷ øø á ß-ý�þBÿ����®á
��É Ê5ÄhÊ�ë ç Ì`ÄhÊaÇhÉ Ê Î<ÏIÇkÊ5Ï
Í�Î<ÇhÎ<ÊRÍWÅ`×�Ê:Æ�ÎwÍhÍ|Î<Å�ÏYÖ
Å2Ë�Ì`ÄhÎ��5ÊRØ*ÌRÇÒÇkÉ ÊFØ�ÎBÄkÊRÑAÇkÎ<Å�ÏYÅR×��kï%ÌRÕ�Î�Íß�� ê���� �!�#" á$��É Ê5ÄhÊRÌ2Í)ëní-ì ð Ì`Ï
Ø ëní-ì î ÌRÄkÊWÇkÉCÌ`Ç�%åÍ�Ö
Å�ËwÌ`ÄhÎ��5Ê®Ø�ÎBÏÒÇkÉ Ê¿Ø�ÎBÄkÊRÑ�ÇhÎ<Å�Ï�Å`×�Ø�ÎwÌ`Ù�Å2Ï
ÌRËwÍÅ`×¨à
ÄnÍ�Ç�Ì`Ï
ØÒÇkÉ Ê¿Í|Ê®Ñ�Å2Ï
Ø'&(�
Ì`ÄhÇkÊ5ÄcÍ�ÅR×�)*� Ö Ë�Ì`Ï Ê,+Ã�Î<ÄcÍ|ÇhË�-ÒÎ<ÇÝÍ|É Å�� ËwØUÓ
Ê�Æ�Ê:Ï ÇkÎ Å2ÏIÊRØ/.�ÇhÉ
Ì`ÇÝÓ�Ê®Ñ5Ì0�
Í�Ê�Å`×�ÇkÉIÊ Ø�ÊRÑ�Å�Æ�Ö
ÅrÍ|ÎBÇkÎBÅ2ÏÒÅ`× â ãåäkæçéè ß³úû á�Ì`ÇÇkÉIÊÀÍ�ÆÒÌ`ËBË úû â�ãéähæçéè ß³úû á#ò21�úû43�576�8 5 ý � Û�ökúû�9 ü ß-ó;:rá �ÇkÉ Ê�Ø�Ê5ÇhÊ5ÄkÆ�ÎBÏ
Ì`ÇhÎ<Å�Ï)Å`×�ÇkÉIÊÐÚ_Ì`Ë<� Ê�Å`×�ÆÒÌ`Ù�Ï Ê5ÇhÎwÑ�à
Ê:ËwØ�Ó=-@ÇhÉ Ê�Í�Ë<Å2Ö¿Å`×�ÇkÉIÊ�×>�IÏ
Ñ�ÇkÎBÅ2Ï â ãéähæçéè ß úû áÎwÍ�ËBÎ�?�Ê5Ë�-¿Ö
ÅrÍkÍ�Î<Ó ËBÊ(+@ Ç�ÇkÉIÊ�à
ÙA+ 6 Ì)ÇkÉ Ê�Ø�Ê5Ö
Ê5Ï
Ø�Ê5ÏCÑ�Ê�ÅR×&ÇhÉ Ê�ÎBÏ
Ñ�ËBÎ<Ï ÊRØ¿Ì`ËBÎ<Ù2ÏIÆ�Ê5Ï Ç
Å2ÓCÍ|Ê5ÄhÚ�ÊRØ¿Ì`Ç�ÛÝÜSØ�ÎBÄkÊRÑ�ÇhÎ<Å�Ïß-ÌRË<Å�Ï ÙWÇkÉ Ê�ÆÒÌRÙ2Ï Ê:ÇkÎwÑ#à
Ê5Ë�Ø�Í|ÇkÄhÊ5Ï Ù�ÇkÉ&ábÅ2Ï ÇkÎBÆ�Ê�ÎwÍ�ÄhÊ5Ö ÄhÊRÍ|Ê5ÏIÇkÊRØ)×�Å2Ä#ÇhÉ Ê�Ø�� ÄcÌ`ÇkÎBÅ2Ï Å`×ÂÊ5Õ ÑAÎ<ÇkÊ®ØÎ<Æ ÖA� ËwÍ�ÊRÍCB ê ÿ Ì`Ï
ØD1 ê :�þ<ÿ � ÿ � ó�Ì`Ï
Ø � +�Ã�ÄkÅ�Æ ÇhÉ ÎwÍ�Ö ËBÅ2Ç Å2Ï ÊFÑ5ÌRÏ*Í�Ê5ÊÒÇkÉ
ÌRÇ�ÇkÉ Ê®Í|ÊØ�Ê5Ö
Ê5ÏCØ�Ê5Ï
Ñ�ÎBÊRÍ�ÌRÄkÊWÅ`×¨ÇkÉIÊ�Å_ÍkÑ�ÎBË<Ë�Ì`ÇkÎBÚ�Ê�ÑAÉ
Ì`ÄcÌ2Ñ�ÇhÊ5Ä�+FE�É Ê5ÄhÊ�×�Å2ÄhÊWÇkÉ ÊWØ�ÎwÌ`Ù�Ï ÅrÍ�ÇkÎ�Ñ5Í�ÅR×#Æ�Ì`Ù2ÏIÊ5ÇkÎ�Ñà
Ê5Ë�Ø�Ñ5Ì`Ï Ó
Ê�×>� Ë àCË<Ë<Ê®Ø�ÓA-WÇkÉIÊ@Ö
ÅrÍ�Î<ÇhÎ<Å2ÏCÍ�ÅR×�ÇhÉ ÊG�5Ê5ÄhÅrÍ#ÌRÏ
Ø¸Ê5Õ�ÇkÄhÊ5ÆÒÌ�Å`×ÂÇkÉ Ê®Í|Ê�Ø�Ê5Ö
Ê5ÏCØ�Ê5Ï
Ñ�ÎBÊRÍ�+E�É Ê)×>� Ï
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ÙA+ 6 ÓM+ Ã�ÄhÅ2Æ ÇkÉIÎwÍ@Ö ËBÅ2ÇWÅ2ÏIÊ Ñ5Ì`ÏQÍ|Ê5Ê�ÇhÉ
Ì`ÇWÇhÉ ÊÀ×>� Ï
Ñ�ÇhÎ<Å�Ï â ãéähæçéè ß³úû á�ÎwÍ�Ï Å2ÇÊN&(�
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Density-Matrix Description of
Atomic Radiative Emission from Autoionizing States in

 Electric and Magnetic Fields

V. L. Jacobs

Center for Computational Materials Science, Code 6390.2,
Materials Science and Technology Division,

Naval Research Laboratory,
Washington, D. C. 20375-5345

ABSTRACT

A polarization-density-matrix description has been developed for the investigation of the

radiative emission during single-photon atomic transitions from autoionizing states in the

presence of a general arrangement of static (or quasi-static) electric and magnetic fields. This

description can be applied to the excitation of the autoionizing states by electrons with an

anisotropic velocity distribution, which may be produced in an electron-ion beam experiment or

in a non-equilibrium plasma environment. It is essential to allow for the coherent excitation of a

particular subspace of the atomic autoionizing resonances. We present a general expression for

the matrix elements of the detected-photon density operator, which provides a unified

framework for the analysis of the total intensity, angular distribution, and polarization of the

Stark-Zeeman spectral patterns. By means of this polarization-density-matrix description, a

unified treatment of radiative and dielectronic recombination can be included. In order to

incorporate environmental collisional and radiative relaxation (decoherence) processes, on an

equal footing with the relevant autoionization and radiative decay processes, a more

comprehensive quantum-opens-systems (reduced-density-matrix) formulation has been

developed. This formulation provides a fundamental foundation for the self-consistent treatment

of the non-equilibrium (coherent) autoionizing-state kinetics and the (homogeneous) spectral-

lines shapes of the dielectronic-satellite transitions.



I. INTRODUCTION

Polarized atomic radiative emission is usually a result of a non-uniform (or non-

statistical) distribution of the population densities among the degenerate (or nearly

degenerate) angular-momentum magnetic (M) sublevels of the excited atoms (or ions). A

non-uniform distribution of M-sublevel populations can be created by directed-electron

excitation, laser- or optical-photon excitation, or by the action of electric or magnetic fields.

The measurement and analysis of polarized radiative emission from bound-bound atomic

transitions has been widely exploited to provide information on the nature of the various

anisotropic (non-equilibrium) excitation mechanisms and the strength of the electric or

magnetic fields. In the present investigation, a theoretical analysis of the total intensities,

angular distributions and polarizations is developed specifically for atomic radiative

transitions from autoionizing states in the presence of electric and magnetic fields.

Using a density-matrix approach, we have developed a very general quantum-

mechanical description of polarized atomic radiative emission from autoionizing states in

the presence of electric and magnetic fields. By means of this approach, we can take into

account the quantum-mechanical interference phenomena associated with the coherent

excitation of the autoionizing states. The present investigation may be regarded as a natural

extension of our previously developed density-matrix description for atomic radiative

emission in electric and magnetic fields [1], for which the primary emphasis was on bound-

bound atomic radiative transitions. The electric-field induced enhancement of the radiation

emitted in the dielectronic-recombination processes, which can be understood in terms of

the electric-field induced modification of the radiationless-caputre and autoionizing rates,



has been theoretically predicted [2-4] and experimentally observed [5-7]. Recently, the

alteration of electric-field enhanced dielectronic recombination by a perpendicular magnetic

field has been theoretically investigated [8-10] and experimentally identified [11-13]. In our

analysis of polarized atomic radiative emission from autoionizing states, we shall allow for

a general set of steady-state (possibly coherent) atomic-excitation processes in the presence

of an arbitrary arrangement of static (or quasi-static) electric and magnetic fields.

The spectroscopic observation of polarized atomic radiative emission in

perpendicular (crossed) electric and magnetic fields is illustrated in Fig. 1. The special case

of perpendicular electric and magnetic fields is encountered in numerous experimental

arrangements. In their rest frame of reference, atomic systems moving in a magnetic field

will be under the influence of a Lorentz (or motional) electric field. In any reference frame,

an electromagnetic field can be treated as composed of perpendicular electric and magnetic

field components, which are also perpendicular to the photon propagation direction.  In

both charged-particle beam and plasma environments, the total electric or magnetic field

acting on the radiating atomic system must often be determined as the sum of an external

(applied) field and an internal (possibly dynamical) field. In a high-density plasma, the

action of the relatively slowly moving ions has been customarily treated (in the quasi-static

approximation) in terms of an isotropic (nearly equilibrium) statistical distribution of static

electric fields, but it is often necessary consider an anisotropic (non-equilibrium)

component corresponding to turbulent electric fields. In a tokamak plasma, a dynamical

(poloidal) magnetic field is generated perpendicular to the externally applied (toroidal)

magnetic field. In a tokamak plasma, the viewing angle θ may be selected to be

perpendicular to the known toroidal magnetic field. In an electron-ion beam experiment, the

most convenient angle of observation is usually at a direction perpendicular to the electron

beam. However, it has been recognized that more detailed spectroscopic investigations can



only be made by a variation of the angle of observation away from the perpendicular

direction.

In the theoretical description of polarized atomic radiative emission, it is convenient

to distinguish between a simple polarization-density-matrix description [1], which is

applicable to an isolated atomic system combined with the relevant mode of the

electromagnetic field, and a more difficult quantum-opens-systems reduced-density-matrix

formulation [14], in which the influence of the larger system (environment) of charged

particles and photons is treated in terms of relaxation (or decoherence) processes and

spectral-line broadening mechanisms.  The ordinary Hilbert-space quantum theory of

polarized radiative emission, following directed-electron collisional excitation of an isolated

atomic system (in the absence of electric and magnetic fields), was first presented by

Oppenheimer [15] and subsequently refined by Percival and Seaton [16]. A polarization-

density-matrix approach to this theory of radiative emission has been presented by Inal and

Dubau for ordinary bound-bound atomic transitions [17] and subsequently extended to

dielectronic recombination radiation [18]. A polarization-density-matrix description for

dielectronic recombination radiation (in the absence of electric and magnetic fields) has been

developed by Shlyaptseva, Urnov, and Vinogradov [19, 20] and applied by Shlyaptseva et

al. [21] to spectroscopic observations on the electron beam ion trap EBIT at the Lawrence

Livermore National Laboratory. Radiative emission from atomic transitions excited by

electrons spirally in magnetic fields, where the electrons with velocity components

perpendicular to the common electron-beam and magnetic-field direction acquire a helical

trajectory, has been treated by Gu, Savin, and Beiersdorfer  [22], using a polarization-

density-matrix approach. In our previously-developed polarization-density-matrix

description, which was primarily directed at bound-bound radiative transitions [1], we have

exploited the methods and techniques advanced in our earlier density-matrix descriptions of

the angular distribution and polarization in single-photon and multi-photon ionization



processes [23, 24], as well as in the density-matrix analyses presented by Inal and Dubau

[17, 18]. The present more comprehensive reduced-density-matrix formulation has been

based on a fundamental (Liouville-space) quantum-open-systems approach. This

formulation provides a detailed description for a general set of steady-state non-equilibrium

(possibly coherent) excitation and de-excitation processes involving the atomic autoionizing

states, in the presence of an arbitrary arrangement of static (or quasi-static) electric and

magnetic fields and under the influence of environmental collisional and radiative relaxation

(or decoherence) processes.

II. POLARIZATION-DENSITY-MATRIX DESCRIPTION

Various versions of the polarization-density-matrix formalism has been discussed

by Fano [25], Jacobs [23, 24], Blum ([26], and by Kazantsev and J.-C. Hénoux [27]. In

our density-matrix description of polarized radiative emission, we have assumed that the

matrix of the total Hamiltonian operator, describing the many-electron atomic system in the

presence of an arbitrary arrangement of static (or quasi-static) electric and magnetic fields,

has been diagonalized in a basis set of field-free atomic eigenstates.  The complete atomic

basis set consists of discrete bound states, discrete autoionizing resonances, and non-

resonant continuum (electron-ion scattering) states. The autoionizing-state excitation and

spontaneous radiative emission processes will be treated as independent events. However,

in a generalized collisional-radiative model, all important excitation and de-excitation

processes must be taken into account in the determination of the initial autoionizing-state

density matrix. The initial excitation process is accordingly treated in terms of a density

matrix, whose diagonal elements give the familiar population densities of the autoionizing

states and whose non-diagonal elements correspond to the autoionizing-state coherences.



The steady-state (frequency-dependent) intensity, angular distribution, and

polarization of the radiation that is emitted in the atomic transitions γ i → γ f can be

determined from the photon-polarization density operator. In terms of the transition

operator T, whose lowest-order contribution is given by the electromagnetic-interaction

operator V, the matrix elements of the photon-polarization density operator can be

expressed in the form

    

λ ρ λ λ γ γ ρ γ γ γ λ| | ' , | | , | | , | | , ' .' '
, , '

'
R

f i i
A

i i f
f i i

k T T k= ∑ γ
r r

0 0  (1)

The photon-helicity quantum numbers may have the numerical values λ, λ ' = ± 1,

corresponding the right and left circular polarization along the direction of observation. The

summations over f, i, and i' include the quantum numbers specifying degenerate or nearly

degenerate sublevels of the field-dependent final and initial states in the atomic radiative

transitions γ i → γ f. These restricted summations are indicated by the prime above the

summation symbol in Eq. (1). ρA is the density operator representing the field-dependent

atomic autoioning states. The quantum-mechanical interference between radiative and

dielectronic recombination can be incorporated by taking into account the autoionizing-state

coherences, which correspond to the non-diagonal elements of ρA. In order to determine the

precise spectral distribution of the possibly overlapping Stark and Zeeman components, it

is necessary to retain the high-order contributions in the perturbation expansion for the

transition operator T. These high-order contribution give rise to energy shifts and spectral

widths of the dielectronic satellite lines.

Since polarization is intimately related to angular momentum, it is advantageous to

employ the angular-momentum representation for the discrete bound states, discrete



autoionizing resonances, and non-resonant continuum atomic states. We also employ the

electromagnetic-multipole expansion for the quantized radiation field. Accordingly, we will

assume that the field-dependent initial atomic eigenstates can be expanded in a basis set of

field-free angular-momentum eigenstates:

  

| | | .γ γi i i i
J M

i i i iJ M J M
i i i

〉 = 〉 〈 〉∑ ∆ ∆
∆

 (2)

Here Ji is the total electronic angular momentum, Mi is the component along a suitably

chosen atomic quantization axis, and ∆i denotes the set of remaining quantum numbers.

Hyperfine structure will be ignored in our analysis. The field-dependent final atomic

eigenstates can be represented by an expansion in the same form as Eq. (2). We emphasize

that the complete basis set of field-free atomic states must include the bound states, the

autoionizing resonances, and the non-resonance electron-ion-scattering (continuum-

channel) states. It is also well know that the field-free unperturbed-eigenstate expansion,

while formally complete, may not provide an economical representation for atomic systems

under the influence of strong fields.

The photon-polarization parameters, which are most naturally defined with respect

to the direction of spectroscopic observation, can be conveniently related to the fundamental

electromagnetic-transitions amplitudes, which are usually defined with respect to the atomic

quantization axis. This can be most readily accomplished by introducing the expansion of

the radiative-transition matrix elements in terms of the matrix elements of effective electric

and magnetic multipole operators:
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× −

∑∑

−

 (3)

Here   
˜ ( )Q m

j
−  denotes the irreducible spherical-tensor form of the effective electromagnetic-

multipole-moment operator, whose lowest-order value is the usual electromagnetic-

multipole-moment tensor operator   Q m
j

−
( ) . The quantities D km

j
λ
( ) ( ˆ ) designate the matrix

elements D m
j

λ φ θ( ) ( , , )0  of the Wigner rotation operator that corresponding to the desired

coordinate rotation. The multiplying factors A(j) are defined in accordance with the

particular types of electromagnetic-multipole components. The matrix elements of the

effective electromagnetic-multipole-moment operator can be evaluated in the angular-

momentum representation, in terms of Wigner 3-j symbols and reduced electromagnetic-

multipole-moment matrix elements, using the Wigner-Eckart theorem:

  

∆ ∆

∆ ∆

f f f m
j

i i i
J M f i

f i

f f
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i i

J M Q J M
J j J

M m M

J Q J

f f| ˜ | ( )

|| ˜ || .

( )

( )

= −
−







× ( )

−1
 (4)

In order to take into account both the electric and the magnetic multipole contributions

associated with a given value of j,   
˜ ( )Q m

j
−  should be defined to include the contributions

associated with all permissible values of the photon parity.

For ordinary bound-bound radiative transitions, our expression for the photon-

polarization density matrix has been presented by Jacobs and Filuk [1]. In the derivation of

this expression, we retained only the lowest-order contribution in the perturbation-theory



expansion of the electromagnetic-transition operator T. In order to provide a more detailed

spectral description for radiative transitions from autoionizing states, as well as to

incorporate the quantum-mechanical interference phenomena, we now consider the entire

electromagnetic-transition operator and employ the effective electromagnetic-multiple-

moment operators   
˜ ( )Q m

j
− . The corresponding generalized expression for the photon-

polarization density matrix elements may be presented in the form:
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The prime above the summation symbol is used to indicate that the summations over f, i,

and i' are to be taken over quantum numbers specifying degenerate or nearly degenerate

field-dependent sublevels, as in Eq. (1). Although we are primarily concerned with electric-

dipole transitions from the autoionizing levels, we find it advantageous to retain the

generality for arbitrary electromagnetic-multipole interactions, including the interference

between different multipole amplitudes. We also emphasize that this expression can be

employed for an arbitrary arrangement of electric and magnetic fields and for a general set



of steady-state (non-equilibrium) excitation processes. If we neglect field-induced mixing

of the atomic eigenstates, our general expression for the photon-polarization density matrix

may be reducible to the result obtained by Inal and Dubau [18], who investigated the

directed electron excitation of polarized atomic radiative emission during dielectronic-

recombination satellite transitions in the absence of electric and magnetic fields. However,

it should be pointed out that the density-matrix formulation used here is based on a

boundary condition in which the initial atomic states are taken as the autoionizing

resonances. This leads to a formulation that is different than the one presented by Inal and

Dubau [18], which is based on the boundary condition involving the initial electron-ion

continuum states. In the application of our formulation to electron-ion beam experiments,

the dependence on the electron direction would occur in the generalized collisional-

radiative-model determination of the initial autoionizing-state density–matrix elements.

The matrix elements of photon-polarization density operator have been expressed in

a non-perturbative form, in terms of the reduced matrix elements of the effective

electromagnetic-multiple-moment operators, by means of Eq. (5). These matrix elements

are explicitly given as functions of the photon-emission direction, in terms of which the

photon-helicity quantum number λ is defined. Following Fano and Racah [28], Happer

[29], Omont [30], and Baylis [31], this photon-polarization density operator may be

presented as an expansion in terms of the irreducible spherical-tensor operators

  T j jJ
M

( ) ( , ' ):

  

ρ ρR

J M Mj j

R J
M

J
MMj j J M T j j D k= ∑∑

, , ', '

( ) ( )
'( , ' ; , ' ) ( , ' ) ( ˆ ). (6)

The coefficients   ρ
R j j J M( , ' ; , ' )  are referred to as the irreducible spherical-tensor

components of the photon-polarization density operator. The irreducible spherical-tensor



representation of the photon density operator is advantageous, because only a very few

electromagnetic multipoles are normally involved in any atomic radiative-emission process.

In contrast, the irreducible spherical-tensor representation of the field-dependent atomic

autoionizing-state density operator, which may be expressed in the form

  

ρ ρA A
i i i i

K
N

K NJ J
i iJ J K N T J J

i ii i

= ∑∑∑ ( ' ' ; , ) ( ' ),( )

,''
∆ ∆

∆ ∆
(7)

involves two expansions that should be taken over the entire basis set of unperturbed field-

free atomic eigenstates. Consequently, the irreducible spherical-tensor representation of the

atomic density operator could be advantageous for weak fields or perhaps for parallel

electric and magnetic fields. For atomic systems with axially symmetry, in which case N =

0, it is useful to introduce a representation of the atomic autoionizing-state density operator

in terms of components describing orientation (corresponding to odd values of K) and

alignment (corresponding to even values of K).

The photon-polarization density operator is most commonly presented in a

representation based on the Stokes parameters. This representation can be expressed as

follows [26]:

  
ρ

η η η
η η η

R I i

i
= 





+ − +
− − −





2

1

1
2 3 1

3 1 2
. (8)

The total spectral intensity I, summed over all photon-polarization states, is determined by

the normalization condition on ρR. The parameters η1 and η3 specify linear polarization,

while η2 represents circular polarization. Using the non-perturbative approach, involving

the entire electromagnetic-transition operator T rather than the lowest-order contribution V,



the 4 photon-polarization parameters can be determined, as functions of the frequency and

direction, by means of our polarization-density-matrix formulation.

The complex dependence on the electric and magnetic fields is incorporated in the

coefficients   ∆i i i iJ M |γ  and   ∆ f f f fJ M |γ , which must be determined by a

diagonalization, in the field-free angular-momentum basis representation, of the

Hamiltonian H describing the atomic system in the presents of the electric and magnetic

fields. The electric-field induced mixing of the autoionizing states can significantly alter the

radiationless electron capture and autoionization rates [2], which occur in the collisional-

radiative model used in the determination of the autoionizing-state populations. Physically,

the enhancement of the dielectronic-recombination radiation in the presence of an electric

field may be understood as a redistribution of population among the outer-electron nl levels

toward higher-l states, which have negligible field-free autoionization rates and radiative

decay rates that are essentially independent of l.

III. REDUCED-DENSITY-MATRIX FORMULATION

The quantum-open-systems, reduced-density-matrix approach can provide the

fundamental basis for a non-perturbative and non-equilibrium quantum-statistical

description of electromagnetic interactions involving many-electron atomic systems in

electron-ion beam interactions and in high-temperature laboratory and astrophysical

plasmas. Specifically, account can be taken of the multitude of additional interactions that

arise from the influence of the much larger system (environment) of charged-particles and

photons. The environment is assumed to be not significantly affected by the interactions

with the much smaller (relevant) atomic system. However, the dynamical evolution and

electromagnetic transitions of the atomic system can be significantly altered by the



environmental collisional and radiative interactions. Within the context of the quantum-

open-systems approach, these environmental interactions are treated as relaxation or

decoherence processes and spectral-line broadening mechanisms.

The partition of the entire, interacting quantum system into a relevant subsystem

(consisting of the atomic system and the observed photon mode) and an environment is by

no means unique. In addition, the appropriate decomposition may strongly depend on the

particular type of measurement that is desired. In the ordinary Hilbert-space quantum-

mechanical perturbation theory, different partitions of the total Hamiltonian operator H into

an unperturbed Hamiltonian operator H0 and an interaction operator V would be equivalent

if the interaction could be taken into account to all orders in the perturbation expansion. In

contrast, different partitions in the quantum-open-systems reduced-density-matrix

description are intrinsically inequivalent and will inevitably lead to different

approximations.

A general statistical state of the combined, interacting quantum system is

represented by the complete density operator ρ, which is conventionally assumed to be

initially expressible as the uncorrelated, tensor-product of the density operators

representing the initial state of the relevant quantum system and the initial quantum state of

the very large collisional and radiative environment. The relevant quantum system will

consist of the many-electron atomic system (which is initially in a set of autoionizing states)

combined (entangled) with the relevant (observable) modes of the quantized radiation field.

The final state of the entire, interacting quantum system corresponds to the final state of the

atomic system (in the set of final states following the stabilizing radiative transitions from

the autoionizing states), combined with that of the detected photons. The radiative

transitions occur under the simultaneous influence of the environmental collisional and

radiative relaxation (decoherence) phenomena.



The statistical state of the quantum subsystem of interest (consisting of the many-

electron atomic system and the detected photons) can be most generally expressed by

means of the reduced, relevant density operator ρr, which is defined most directly in terms

of an average (trace) operation over the quantum numbers specifying the environmental

degrees of freedom. Alternatively, it is advantageous to formally introduce the reduced

description by adopting an abstract procedure based on the Zwanzig Liouville-space

projection operators. We emphasize that, in the reduced-density-operator description, the

interactions of the quantum subsystem of interest with the environment are treated

stochastically, as collisional and radiative relaxation (decoherence) processes and spectral-

line broadening mechanisms. For the treatment of coherent interactions, the reduced,

relevant system must obviously be defined to include all coherently coupled (entangled)

subsystems.

In the time-independent (frequency-domain) version of our reduced-density-

operator description, the radiative-transition rate is expressed in the generalized golden-rule

form [14]
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The quantity T ir ( )+ ε  is the Liouville-space analogue of the ordinary Hilbert-space

transition operator T, and the asymptotic (scattering-theory) boundary condition is indicated

by the ε→0 limit. The relevant Liouville-space operator Lr  (or Liouvillian operator) is

defined in terms of the commutator of the full (relevant) subsystem Hamiltonian operator



H r  describing the many-electron atomic system together (entangled) with the restricted set

of observed photons. The relevant Liouville-space interaction operator V r  includes the

electromagnetic interaction of the atom system, together with the interaction responsible for

autoionization. The initial state of the relevant subsystem is represented by the density

operator ρi
r . In this investigation, the initial-state density operator represents the

autoionizing-state populations and coherences. The Liouville-space self-energy operator Σ ,

which is the result of the quantum-open-systems (reduced-density-operator) description,

represents the effects of the environmental electron-electron, electron-ion, and electron-

photon relaxation processes. The single-photon spontaneous emission process is formally

described by means of the final-state projection operator Pf
r . For single-photon absorption

or multi-photon processes, the relevant final-state projection operators will have different

definitions. The Zwanzig Liouville-space projection operators, which occur in the explicit

expression for the Liouville-space self-energy operator, introduce (quantum-statistical)

averages over the environmental degrees of freedom. Although these averages are often

carried out assuming Maxwellian and Boltzmann equilibrium distributions for the free and

bound electrons, respectively, and Bose-Einstein equilibrium distributions for the photons,

our general formulation is applicable to non-equilibrium distributions.

The general (tetradic-matrix) form of the expression given by Eq. (9) can be used to

determine the spectral-line shape for an array of (possibly overlapping) emission lines due

to radiative transitions among the sublevels from two groups of closely-spaced upper

(autoionizing) and lower (bound) atomic levels. The Liouville-space self-energy operator

Σ , which occurs in Eq. (9) as a correction to (renormalization of) the unperturbed

(environment-free) Liouville-space resolvent operator, is defined in the reduced, relevant

subspace spanned by the eigenstates representing the many-electron atomic system

combined (entangled) with the observed photon states. Consequently, the Liouville-space



self-energy operator is in general a function of the emitted photon energy (or frequency ω).

In the widely used isolated-line approximation, the standard Lorentzian spectral-line shape

can be recovered from the general expression. In the perturbation expansion for the

Liouville-space self-energy operator, in powers of the full Liouville-space interaction

operator, only the lowest-order contribution is usually taken into account in the

determination of the total (isolated-line) shift and width. In this approximation, the isolated-

line shift and width can be expressed as the sums of the partial contributions from the

individual collisional and radiative relaxation processes acting alone. Quantum-mechanical

interference between the individual collisional and radiative transition amplitudes can occur

in the high-order perturbation-theory contributions to the isolated-line width and shift and

in our more general (matrix) profile expressions describing overlapping lines. In order to

include Stark and Zeeman broadening, the spectral-line-shape formula must be evaluated in

a basis of electric-field and magnetic-field dependent atomic eigenstates, as discussed in the

preceding section. The atomic states could be determined taking into account a quasi-static

(ion-produced) plasma electric microfield and a (poloidal+toroidal) magnetic field or an

arbitrary arrangement of externally applied static (or quasi-static) electric and magnetic

fields. In order to make comparisons with experimental observations, it is usually

necessary to include either the equilibrium or non-equilibrium Doppler effect, which is a

major source of inhomogeneous broadening.

The time-dependent (time-domain) version of our reduced-density-operator

description is based on the equation of motion for the reduced, relevant density operator.

The reduced equation of motion can be derived from the Liouville-von Neumann equation

for the combined, complete density operator. The reduced equation of motion can be

expressed in the generalized-Master-equation form [14]:



∂
∂

ρ ρ ρ
t

t i L t t i dt t t tr r r

t

t
r( ) ( ) ( ) ( , ) ( ) .= − − ′ ′ ′∫ Σ

0

(10)

The self-energy operator kernel Σ( , )t t ′ , which represents the time-dependent

renormalization due to the environmental interactions, can be formally related to the

frequency-dependent self-energy Σ  operator occurring in the time-independent (resolvent-

operator) formulation. The formal relationship, which involves a Fourier transformation,

serves as the fundamental basis for a self-consistent treatment of non-equilibrium (possibly

coherent) atomic-state kinetics and (homogeneous) spectral-line shapes. Fig. 2 provides an

illustration emphasizing the role of this relationship in connecting the time-domain

(equation-of-motion) and the frequency-domain (resolvent-operator) versions of the

reduced-density-matrix approach. In the commonly adopted Markov (short-memory-time)

approximation, the self-energy operator kernel is assumed to be independent of time. In

this approximation, the corresponding frequency-domain self-energy operator, which gives

rise to the spectral-line shifts and widths of the dielectronic satellite transitions, is

independent of the frequency. (For the treatment of ultra-short-pulse optical-laser

interactions, the Markov approximation may not be valid.) A set of (further reduced)

quantum-kinetics equations for the atomic-level population densities (corresponding to the

diagonal reduced-density-matrix elements), together with the atomic-state coherences

(represented by the non-diagonal reduced-density-matrix elements), can be derived from

Eq. (10) by performing the average (trace) operation over the (relevant) degrees of freedom

specifying the observed photon states. The result may be described as a generalized

collisional-radiative model, which can be used to determine the populations of the

autoionizing states and as well as the autoionizing-state coherences. In addition, the

corresponding quantum-kinetics equation for the reduced density matrix describing the

observed radiation field can be obtained from Eq. (10) by carrying out the average (trace)

operation over the relevant atomic states. If the radiation-field coherences are neglected, the



quantum-kinetics equation for the spectral intensity of the radiation field can be obtained in

the form of the familiar equation of radiation transport. The usual (in-out) asymptotic

boundary condition of scattering theory, upon which the time-independent (resolvent-

operator) description is based, may not be what is desired, especially in the description of

ultra-short-pulse optical-laser interactions. Consequently, the time-dependent (equation-of-

motion) formulation is often viewed as providing a more flexible foundation for the

investigation of general electromagnetic interactions. In order to obtain the generalized

Master equation in a closed form rather than as a part of correlation hierarchy, it is

necessary to invoke the conventional assumption that the initial-state density operator,

referring to the entire interacting system of charged particles and electromagnetic radiation

fields, can be expressed in the factorized, tensor-product form. This assumption implies

that initial-state correlations can be neglected. However, correlations between collisional

and radiative processes are introduced as a result of the general time evolution of the

density operator.

As in the time-independent (resolvent-operator) formulation, it is convenient to

expand the self-energy operator kernel Σ( , )t t ′  in a perturbation expansion in powers of the

full Liouville-space interaction operator. The time-dependent perturbation-theory analysis is

most generally carried out in the Liouville-space interaction representation, in place of the

Schrödinger representation adopted in the derivation of Eq. (10). Since the full Liouville-

space interaction operator is the sum of electron-electron, electron-ion, and electron-photon

interaction operators, the (tetradic) matrix elements of the self-energy operator kernel can

involve quantum-mechanical interference terms. Taking into account only the lowest-order

perturbation-theory contributions to the self-energy operator kernel, the equation of motion

for the atomic-state population densities can be expressed in terms of the familiar collisional

and radiative transition rates that are obtained from an evaluation of the standard golden-

rule formula of ordinary Hilbert-space perturbation theory. The optical Bloch equations



correspond to the extended set of equations, taking into account the atomic-state

coherences.

IV. SUMMARY AND CONCLUSIONS

A polarization-density-matrix description has been under development for the

investigation of the total intensity, angular distribution, and polarization of atomic radiative

emission from autoionizings levels in an arbitrary arrangement of static (or quasi-static)

electric and magnetic fields. A general set of steady-state (possibly coherent) excitation and

de-excitation processes may be taken into account in the determination of the (non-

equilibrium) populations and coherences of the initial autoionizing states. The quantum-

mechanical interference between radiative and dielectronic recombination is described by

allowing for the coherent steady-state excitation of the autoionizing states. A quantum-

open-systems (reduced-density-matrix) formulation has also been developed to self-

consistently treat the influence of the environmental collisional and radiative relaxation

(decoherence) processes on the time evolution of the autoionizing-state density operator and

on the spectral-line shapes of the Stark-Zeeman spectral patterns. Further details of this

investigation will be presented in a more extensive paper.
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Fig. 1.  Viewing angles for spectroscopic observations of polarized atomic radiative

emission from autoionizing states in perpendicular (crossed) electric and magnetic fields.
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Fig. 2.  Influence of environmental collisional and radiative relexation (decoherence)

processes on the atomic-state kinetics and the radiative transition probability.
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Abstract

Polarization Plasma Spectroscopy (PPS) can substantially complement a usual plasma

spectroscopy. It provides important information about anisotropy of plasmas such as the

existence and parameters of anisotropic electron beams and magnetic fields. The present paper

focuses on the theoretical development of PPS and x-ray line polarization in particular.

Specifically, it provides the relevant atomic and polarization characteristics, describes the new

collisional-radiative atomic kinetic model whichaccounts for the effect of anisotropic hot

electrons and discusses the influence of magnetic fields on the alignment of the ions. The

application of these results to the interpretation of experiments at the NTF and LLNL EBIT is

presented in another publication of this volume [1].



I. Introduction

Polarization Plasma Spectroscopy (PPS) provides information about anisotropy of

processes occurring in plasmas. The present International Workshop on Plasma Polarization

Spectroscopy demonstrated the vitality of this new research field and its unique applications to

the plasma diagnostics. It can be used for diagnostics of plasmas with very different density,

from a low-density to a dense plasma. This is a multi-step problem, which requires a creation

of the new type of the atomic database, the ability of appropriate theoretical modeling and

experimental monitoring of the polarization-dependent spectra. The present paper focuses on

the theoretical development of PPS and x-ray line polarization in particular. Specifically, it

provides the relevant atomic and polarization characteristics, describes the new collisional-

radiative atomic kinetic model which accounts for the effect of anisotropic electrons and

discusses the influence of magnetic fields on the alignment of the ions. The application of these

results to the interpretation of experiments at the NTF and LLNL EBIT is presented in another

publication of this volume [1].

II. Atomic and polarization characteristics database

Atomic and polarization characteristics of dielectronic satellites of Li-, Be-, B-, C-, N-,

O-, and F-like ions are calculated. The MZ code of Profs. U. Safronova and L. Vainshtein [2,

3, 4] is employed to obtain energy levels, radiative transition probabilities, and amplitudes and

total rates of autoionization decays of doubly-excited states for ions in a broad range of nuclear

charge Z. The MZ code is based on the perturbation theory method and uses Z-expansion to

calculate atomic characteristics. The energy matrix is constructed in a LS-coupling scheme

including non-relativistic and relativistic parts. The non-relativistic part takes into account

three or four terms of the Z-expansion. The relativistic part is constructed using the Breit-Pauli

operators. For one-body operators (for example, Darwin and spin-orbit), zero and first orders

of the Z-expansion are calculated. Two-body operators are directly obtained in hydrogenic

approximation.



A. Photon density matrix formalism

Using the photon density matrix formalism, the degree of polarization of dielectronic

satellites is expressed through autoionization decay amplitudes. The photon density matrix has

the following expression [5]:
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where PL is a Legendre polynomial of orderL and VL is the “so-called” polarization moment of

the ion. In general, the expression forVL through autoionization decay amplitudesγγγγ in the

intermediate coupling scheme has a very cumbersome form:
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wherea denotes an autoionizing state of the ion;i denotes an initial state of the ion;f denotes a

final state of the ion,j ph
describes photon;l describes an incident electron, andCJa are mixing

coefficients.

A degree of polarization is expressed through the elements of the density matrix:

P Det
ph= − ×1 4 ( )ρ

It was shown that for electric-dipole transitions the sum overL in Eq. (1) in the numerator has only

one term withL=2 and in the denominator two terms withL=0 and 2 [5]. Then, the degree of

polarization will depend only onV0 , V2 , and an angle of observation with respect to an electron

beamθθθθ :
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In the case of low-density plasma the expression forVL for Li-, Be-, and B-like ions

has a very simple form and does not require any autoionization decay amplitudes [5,6]. For

more complicated ions such as C-like, N-like, and O-like ions even in a case of low-density

plasma, there is more than one energy level in a ground state of a target ion and it is necessary

to calculate autoionization decay amplitudes. For moderate- and high-density plasmas,

calculations of polarization characteristics involve the data on autoionization decay amplitudes.

Fig. 1 illustrates the increasing complexity of the description of the autoionization decays for

low-density and high-density C-like ions.

(3)

(4)

(5)



Fig. 1.  Channels of autoionization decays of C-like ions for high-

density plasmas (top) and  low-density plasmas (bottom).



The amplitude of autoionization decay can be expressed through radial integrals

Rl(n1l1n2l2;n2’l2’n1’l1’) specified in Table 1 [7,8]:
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In the intermediate coupling scheme the partial autoionization rateAaut for the decay into

channeli can be expressed through the amplitudes [7,8]:
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For low-density plasmas, there are only two channels of electron capture (EC) to

autoionizing states of C-like ions: 1s22s22p ks and kd, which can populate four different levels

of 1s2s22p3 (see Fig. 1). For high-density plasmas, there are eight channels of EC, which can

populate sixteen different levels of 1s2s22p3, 1s2p5, 1s2s2p4 (see Fig. 1). All possible channels

for the autoionization decays of C-like and O-like ions and the analytical expressions of the

amplitudes of autoionization decays through radial integrals are given in Tables 2,3. Similar

data for B-like ions are given in [8].

Table 1.



Table 2.

Analytical expressions for the decay amplitudes of autoionizing, double-
excited states of C-like ions to the ground and single-excited states of B-like
ions.

_________________________________________________________________
LS C-like ions B-like ions Decay amplitudes

autoionizing ground and Analytical expressions
states single-exc. states

________________________________________________________________
1P 1s2p5 1s22p3(2P) -(√2/3)R1(ks)
1P 1s2p5 1s22p3(2P) (1/3)R1(kd)
1P 1s2p5 1s22p3(2D) (1/√3)R1(kd)

3P 1s2p5 1s22p3(2P) (√2/3)R1(ks)
3P 1s2p5 1s22p3(2P) (1/3)R1(kd)
3P 1s2p5 1s22p3(2D) (1/√3)R1(kd)

5S 2s22p3 [4S]1s 1s22p3(4S) R0(ks)
5S 2s22p3 [4S]1s 1s22p22s(4P) √3R1(kp)]

3S 2s22p3 [4S]1s 1s22p3(4S) -R0(ks)
3S 2s22p3 [4S]1s 1s22p22s(4P) -(√8/√3)[R0(kp)-(1/3)R1(kp)]
3S 2s22p3 [4S]1s 1s22p22s(2P) -(1/√3)[R0(kp)-(4/3)R1(kp)]

1D 2s22p3 [2D]1s 1s22p3(2D) -R0(ks)
1D 2s22p3 [2P]1s 1s22s22p(2P) (1/√5)R1(k2)
1D 2s22p3 [2D]1s 1s22p22s(2P) -(√3/√2)R0(kp)
1D 2s22p3 [2D]1s 1s22p22s(2D) -(√3/√2)[R0(kp)-(2/3)R1(kp)]

3D 2s22p3 [2D]1s 1s22p3(2D) R0(ks)
3D 2s22p3 [2P]1s 1s22s22p(2P) (1/√5)R1(k2)
3D 2s22p3 [2D]1s 1s22p22s(4P) -(1/√6)[R0(kp)+(2/3)R1(kp)
3D 2s22p3 [2D]1s 1s22p22s(2P) (2/√3)[R0(kp)-(1/3)R1(kp)]
3D 2s22p3 [2D]1s 1s22p22s(2D) (√3/√2)R0(kp)

1P 2s22p3 [2P]1s 1s22p3(2P) -R0(ks)
1P 2s22p3 [2P]1s 1s22s22p(2P) -(√2/3)R1(ks)
1P 2s22p3 [2P]1s 1s22s22p(2P) (1/3)R1(kd)



Table 2 (continued)

LS C-like ions B-like ions Decay amplitudes
autoionizing ground and Analytical expressions
states single-exc. states

________________________________________________________________

1P 2s22p3 [2P]1s 1s22p22s(2P) (√3/√2)R0(kp)
1P 2s22p3 [2P]1s 1s22p22s(2D) -(√5/√6)[R0(kp)-(2/3)R1(kp
1P 2s22p3 [2P]1s 1s22p22s(2S) (√2/√3)[R0(kp)-(2/3)R1(kp)]

3P 2s22p3 [2P]1s 1s22p3(2P) R0(ks)
3P 2s22p3 [2P]1s 1s22s22p(2P) -(√2/3)R1(ks)
3P 2s22p3 [2P]1s 1s22s22p(2P) (1/3)R1(k2)
3P 2s22p3 [2P]1s 1s22p22s(2P) (1/√6)[R0(kp)+(2/3)R1(kp)]
3P 2s22p3 [2P]1s 1s22p22s(4P) -(2/√3)[R0(kp)-(1/3)R1(kp)
3P 2s22p3 [2P]1s 1s22p22s(2D) (√5/√6)R0(kp)
3P 2s22p3 [2P]1s 1s22p22s(2S) -(√2/√3)R0(kp)

1P 2p4 2s[2P]1s 1s22p3(2D) (√5/3√2)R1(kp)
1P 2p4 2s[2P]1s 1s22p3(2P) -(1/√6)R1(kp)
1P 2p4 2s[2P]1s 1s22p22s(2P) (1/3)R1(ks)
1P 2p4 2s[2P]1s 1s22p22s(2P) -(√2/3)R1(kd)

3P 2p4 2s[2P]1s 1s22p3(2D) -(√10/3)[R0(kp)+R1(kp)/6]
3P 2p4 2s[2P]1s 1s22p3(2P) -(√2/√3)[R0(kp)+R1(kp)/6]
3P 2p4 2s[2P]1s 1s22p3(4S) (√8/√3)[R0(kp)-R1(kp)/3]
3P 2p4 2s[2P]1s 1s22p22s(2P) -(1/3)R1(ks)
3P 2p4 2s[2P]1s 1s22p22s(2P) (√2/3)R1(kd)

3P 2p4 2s[4P]1s 1s22p3(2D) (√20/3)[R0(kp)-R1(kp)/3]
3P 2p4 2s[4P]1s 1s22p3(2P) -(2/√3)[R0(kp)-R1(kp)/3]
3P 2p4 2s[4P]1s 1s22p3(4S) -(4/3)[R0(kp)-R1(kp)/12]
3P 2p4 2s[4P]1s 1s22p22s(4P) (1/3)R1(ks)
3P 2p4 2s[4P]1s 1s22p22s(4P) (√2/3)R1(kd)

5P 2p4 2s[4P]1s 1s22p3(4S) (1/3)R1(kp)]
5P 2p4 2s[4P]1s 1s22p22s(4P) (1/3)R1(ks)
5P 2p4 2s[4P]1s 1s22p22s(4P) -(√2/3)R1(kd)



Table 2 (continued)
_________________________________________________________________
LS C-like ions B-like ions Decay amplitudes

autoionizing ground and Analytical expressions
states single-exc. states

________________________________________________________________

1S 2p4 2s[2S]1s 1s22p3(2P) -(2√2)[R0(kp)-R1(kp)/6]
1S 2p4 2s[2S]1s 1s22p22s(2S) -(2/3)R1(ks)
1S 2p4 2s[2S]1s 1s22p22s(2D) -(√2/3)R1(kd)

3S 2p4 2s[2S]1s 1s22p3(2P) (√2/3)R1(kp)]
3S 2p4 2s[2S]1s 1s22p22s(2S) (2/3)R1(ks)
3S 2p4 2s[2S]1s 1s22p22s(2D) (√2/3)R1(kd)

1D 2p4 2s[2D]1s 1s22p3(2D) -√6[R0(kp)-R1(kp)/6]
1D 2p4 2s[2D]1s 1s22p3(2P) √2[R0(kp)-R1(kp)/6]
1D 2p4 2s[2D]1s 1s22p22s(2D) -(1/3)R1(ks)
1D 2p4 2s[2D]1s 1s22p22s(2D) -(√28/√90)R1(kd)
1D 2p4 2s[2D]1s 1s22p22s(2S) -(√2/√45)R1(kd)

3D 2p4 2s[2D]1s 1s22p3(2D) (1/√6)R1(kp)]
3D 2p4 2s[2D]1s 1s22p3(2P) -(1/3√2)R1(kp)]
3D 2p4 2s[2D]1s 1s22p22s(2D) (1/3)R1(ks)
3D 2p4 2s[2D]1s 1s22p22s(2D) (√28/√90)R1(kd)
3D 2p4 2s[2D]1s 1s22p22s(2S) (√2/√45)R1(kd)
___________________________________________________________________



Table 3.

Analytical expressions for the decay amplitudes of autoionizing,
double-excited states of O-like ions to the ground and single-
excited states of N-like ions.

LS O-like ions N-like ions Decay amplitudes
autoionizing ground and Analytical expressions
states single-exc. states

3P 1s2s22p5 1s22p5 (2P) R0(ks)
3P 1s2s22p5 1s22s22p3(2P) (√2/3)R1(ks)
3P 1s2s22p5 1s22s22p3(2P) (1/3)R1(kd)
3P 1s2s22p5 1s22s22p3(2D) (1/√3)R1(kd)
3P 1s2s22p5 1s22s2p4(4P) (√8/√3)[R0(kp)-R1(kp)/3]
3P 1s2s22p5 1s22s2p4(2P) (1/√3)[R0(kp)+2R1(kp)/3]
3P 1s2s22p5 1s22s2p4(2S) (1/√3)R0(kp)
3P 1s2s22p5 1s22s2p4(2D) (√5/√3)R0(kp)

1P 1s2s22p5 1s22p5 (2P) R0(ks)
1P 1s2s22p5 1s22s22p3(2P) -(√2/3)R1(ks)
1P 1s2s22p5 1s22s22p3(2P) (1/3)R1(kd)
1P 1s2s22p5 1s22s22p3(2D) (1/√3)R1(kd)
1P 1s2s22p5 1s22s2p4(2P) √3)R0(kp)
1P 1s2s22p5 1s22s2p4(2S) -(1/√3)[R0(kp)-2R1(kp)/3]
1P 1s2s22p5 1s22s2p4(2D) -(√5/√3)[R0(kp)-2R1(kp)/3]

3S 1s2s2p6 1s22s2p4(2S) (1/√3)R1(ks)
3S 1s2s2p6 1s22s2p4(2D) -(√2/√3)R1(kd)
3S 1s2s2p6 1s22p5(2P) -(1√3)R1(kp)

1S 1s2s2p6 1s22s2p4(2S) (1/√3)R1(ks)
1S 1s2s2p6 1s22s2p4(2D) -(√2/√3)R1(kd)
1S 1s2s2p6 1s22p5(2P) -(2√3) [R0(kp)-R1(kp)/3]



B. Polarization-dependent spectra of dielectronic satellites of Ti ions

Atomic and polarization characteristics of dielectronic satellites of Li- and Be-like Ti ions

are listed in Table 4. These atomic and polarization characteristics are used as input data to

calculate polarization-dependent spectra of dielectronic satellites, i.e., the spectral intensity

distribution of lines associated with a given polarization state, parallel or perpendicular to

the electron beam.

The intensity of lines associated with the parallel polarization state can be written as
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whereas the intensity of lines associated with the perpendicular polarization state is
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For dielectronic satellite lines the 4π-averaged intensity<I> is expressed through theQd

factor and the electron distribution functionf(Eb) :

I f E
b

Q
d

= ×( )

Theoretical polarization-dependent spectra of dielectronic satellites of Ti ions are

presented in Fig. 2. These spectra are calculated for two values of the energy of the electron

beam: Eb=3300 eV and 3400 eV. These values of electron beam energies provide the

prominence of Li-like and Be-like satellites lines, respectively. Two different traces are

calculated at each value of Eb reflecting two different polarization states parallel and

perpendicular to the electron beam. These two traces differ from each other at each Eb

energies. Thus, the x-ray K-shell spectrum of Ti ions is significantly polarized when produced

by a monoenergetic EB, and two polarization-dependent spectra associated with parallel and

perpendicular polarization states have different intensity distributions at different EB energies.

(8)

(9)

(10)



Table 4.



Fig. 2. Theoretical polarization-dependent spectra  of dielectronic

satellites of Ti ions.



III. Modeling of Ti K-shell spectra with inclusion of hot electrons

The development of K-shell spectropolarimetry requires detailed plasma modeling with

inclusion of hot electrons. A collisional-radiative atomic kinetic model has been developed to

model Ti K-shell spectra produced at the Nevada Terawatt Facility (NTF). Specifically, it

aims to diagnose the electron temperature and electron beam characteristics of various emitting

regions of Ti x-pinch plasmas produced at the NTF. Steady-state populations of Ti ionization

stages and fine structure energy levels are found and used to construct synthetic spectra for

comparison with experimental data. The kinetic model and diagnostic techniques are discussed

below. The results of modeling of the NTF Ti x-pinch spectra are presented in another

publication of this volume [1].

The collisional-radiative atomic kinetic model includes the ground states of every

ionization stage of Ti from the bare ion with no electrons to neutral Ti with 22 electrons.

Detailed atomic structure is included for ionization stages from H to O. Each fine structure

state is linked to other states within its ionization stage via collisional excitation, collisional de-

excitation, and radiative decay. Ground states and low-lying non-autoionizing excited states of

ions are linked via collisional ionization, three-body recombination, and radiative

recombination. Autoionizing states of ions with charge z are linked to the ground state of the

ion with charge z+1 via Auger decay and dielectronic recombination. These processes and the

Ti model energy level structure are shown in Fig. 3. The number of states modeled in each

ionization stage is shown next to that stage in parentheses.

The energy level structure and radiative and Auger decay rates for all ions were

calculated with Safronova and Vainstein 's MZ code [2-4] and the Cowan code [9]. Cross

sections for collisional excitation between ground states and excited levels were calculated

with the code ATOM for H-, He-, and Li-like Ti [10]. The Van Regemorter formula is used to

calculate the excitation cross sections of optically allowed transitions between excited states in

all ions and for optically allowed ground to excited transitions for Be-like to O-like Ti. A

modified Lotz formula [11] is used to calculate collisional ionization cross sections. Radiative

recombination cross sections are calculated with Kramer's approximation. Reverse rates are

found using detailed balance.



Fig. 3. Energy level structure and atomic processes included in

    Ti model.



All cross sections are integrated over an electron energy distribution function (EDF),

which depends on the Maxwellian electron temperature (Te), the percentage of hot electrons

(f), and the energy of hot electrons (Thot).  Fig. 4 shows a typical EDF with a Gaussian

distribution of hot electrons.  The integrated total cross sections are multiplied by Ne to obtain

collisional rates. Together with the spontaneous rates, they form a set of N~300 coupled

equations, which can be solved for the population of each state by standard matrix methods.

Knowing these populations gives the ionization balance and the intensity of spectral lines.

Fig. 4. Typical EDF with a Gaussian distribution of hot electrons.

Four variables (Te, N e, f, and Thot) determine the population of states and therefore the

spectral line intensities. A good diagnostic spectral feature will be sensitive to one of these

plasma parameters and relatively independent of the others.  All features are relatively



insensitive to Thot and it is generally straightforward to separate density effects from

temperature effects. It is not as easy to isolate temperature effects from electron beam effects,

since both alter collisional rates in a similar way. However, it is shown that synthetic spectra

do not fit the experimental spectra without hot electrons.

Two main difficulties should be anticipated. The effect of hot electrons on K-shell

spectra of multiply-charged ions has been studied for Al x-pinch plasmas [12] and Ar plasma

focus plasmas [13]. Specifically, it has been shown that three plasma regions with hot electrons

are required to adequately describe the spectra of Ar plasma focus experiments [13], which

exhibit spectral features from He-like Ar to Ar Kα. The NTF Ti spectra exhibit features from

H-like Ti to Ti Kα produced at least by two different plasma regions, a hot, dense region with

hot electrons that contributes all of the H-like and most of the He-like radiation, and a cooler,

less dense region also with hot electrons that contributes the satellite radiation from lower

ionization stages. Although this is a reasonable picture of the plasma, it introduces flexibility

and decreases the robustness of the spectroscopic diagnostics, since synthetic spectra with a

range of parameters can fit the experimental spectra. The precision of each diagnostic is

discussed below.

The second and more serious difficulty is the plasma opacity. It has been shown [14]

that optical depth can decrease the intensity of Al Heα by a factor of two for plasmas at

densities 10-100 times lower than those considered here. Other lines are also affected, but they

are treated here as optically thin. Opacity will be added to this model in the near future, but

until then, the fit near the Heα line and nearby structures are ignored and best fits are found to

both sides.

Synthetic spectra with narrow lines show that the Heα resonance to intercombination

line ratio is sensitive to electron density. Unfortunately, the intercombination line is very close

to Li-like satellite lines and is not resolved in the experimental spectra, so this ratio cannot be

used as a density diagnostic. The ionization balance is also slightly sensitive to density, but it is

far more sensitive to Te and electron beam characteristics. Thus, there is no unambiguous

spectroscopic density diagnostic in this region. The electron density is taken to be 1022cm-3 in

the hot region and 1021cm-3 in the cooler regions.



Fig. 5. Effect of Te on the “hot region” Ti spectra.

There are three major Te-sensitive line ratios involving the resonance lines of He-like ions,

Heα and Heβ, and H-like line Lyα and their satellites that have sufficient intensity in the

experimental spectra to be useful as temperature diagnostics for the high temperature plasma

region.  These Ti spectral features are labeled and their dependence on Te is shown in Fig.  5.



Fig. 6. Effect of hot electrons on the “hot region” of Ti spectra.

Fig. 6 illustrates that the effects of hot electrons are similar to the effects of increasing Te.



Fig. 7. Te dependence of   Li-O-like satellites of Ti ions

The spectra of satellite structures of Li-like to O-like Ti ions are very sensitive to the electron

temperature of a cooler plasma region (see Fig. 7). At low temperatures Te=150-200 eV, O-

like emission dominates.  As Te increases, so does the ionization balance, the emission is

shifted to higher energies, and Li-like emission dominates at Te=400-500 eV.



Fig. 8. Effect of hot electrons on the satellite structures of Li-like to

O-like  of Ti ions.

Figs. 8 and 9 show the effect of an electron beam (f and Thot) on the satellite structures of Ti

ions.  Increasing f has an effect similar to increasing Te. It should be noted that even a very

small fraction (10-4) of hot electrons has a significant effect on the ionization balance at low Te.



Fig. 9. Effect of the energy of hot electrons on the satellite

structures of Li-like to O-like  of Ti ions.

The effect of hot electrons described by a Gaussian distribution is not particularly sensitive to

the energy of the electron beam (Thot) and actually decreases slightly with increasing beam

energy, as illustrated in Fig. 9.



IV. Influence of magnetic fields on the alignment of ions

Our preliminary theoretical estimates have shown that to solve a complex problem of

diagnostics of the magnetic field through anisotropy of z-pinch plasma, we need to consider

simultaneously two important effects: the creation of the alignment of the excited states by the

anisotropic electron beam or other anisotropic sources; the influence of the magnetic field on

this alignment. This section shows the results of the theoretical development of density matrix

formalism including magnetic fields (for more details see [15], [16]).

The evolution of the density matrix depends on the radiation damping , a non-uniform

magnetic field, and an excitation process:

The matrix element W is expressed through the expansion of the operator of interaction of the

atomic system with a non-uniform magnetic field over the irreducible tensor operators:
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From these equations it follows that the non-uniform magnetic field is mixing the ranks of the

polarization moments and can create the ordering of the angular moments from the population.

For the uniform magnetic field in a weak field approximation and for the steady case, the

expression of the evolution of the density matrix results in:

where ωωωωL=µµµµ0000ττττ0000H/ћ is the dimensionless Larmor frequency, andNkq is the efficiency of

induction of the ordering of angular moments of ions. From this equation it follows that the

uniform magnetic field mixes the components of the polarization moments of the same rank.

The uniform magnetic field cannot create a new type of the ordering, and its role is in

destruction of already existing ordering.

For a uniform magnetic field, the orthogonal alignment signal is defined as:

whereas the incline alignment signal measured at the angleαααα with the electron beam axis is:

The polarization moments in a uniform magnetic field can be estimated from Eq. (13):
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Using Eqs. (14-16), the ratio of intensities sensitive to the magnetic field may be found:

It is very important to emphasize that this ratio does not depend on the process of excitation

and is the function only of the value of the Larmor frequency and the angleαααα.

Fig. 10.
3D plot of the dependence of the ratio of the intensities∆∆∆∆ Iαααα / ∆∆∆∆ Ix on the value of a
magnetic field H and the angle of observationαααα calculated for the following transitions in
Ti ions: a) the K-shell resonance transition 1s2-1s2p 1P1, b) the L-shell transition 2p-3d
1P1, c) the L-shell transition 2s-3p1P1; and d) 2D plot of the dependence displayed in

(c) calculated for the following values of the angleαααα: 15o , 30o, 45o, 60o, and 75o.
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For diagnostics purposes, K- and L-shell transitions in Ti ions are considered. For example, for

the He-like resonance line Heα 1s2-1s2p1P1, the lifetime isττττ0=4.5x 10-15 s, and for Ne-like

transitions 2l-3l’, the lifetimes are 1.0x 10-13 s (for the transition 2p-3d1P1 ,3C) and 3.4 x10-13

s (for the transition 2s-3p1P1 , 3A). For the value of magnetic field of about 10 T, the

corresponding values ofωωωωL vary from 0.003 to 0.3. In Fig. 10 a-d, the theoretical values of the

ratio ∆∆∆∆ I αααα / ∆∆∆∆ I x are presented in a form of 3D-plots calculated for the specified K- and L-

shell transitions. For K-shell transitions, because of the particular small value ofωωωωL in the

range of the value of a magnetic field from 10 T to 100 T, the polarization characteristics do

not depend on the value of magnetic field (see Fig.10a). On contrary, for L-shell transitions,

the ratio∆∆∆∆ I αααα / ∆∆∆∆ I x for lines 3A and 3C significantly depends on the value of the magnetic

field for small values of an angleαααα ≤ 45o (see Figs.10 b, c). Fig.10 d illustrates the sensitivity

of this ratio for 3A line to the value of the magnetic field calculated for different values of the

observation angleαααα. It is important to emphasize that lines sensitive to this diagnostic method

should have not only moderate values of lifetimes but should be polarized by the electron beam

excitation. In Ref. [1], similar calculations for L-shell lines of Fe ions are presented and the

future experimental development of this method is discussed.
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I. Introduction

Effects of charge exchange on intensities of multicharged ions spectral lines are of interest

in magnetically confined thermonuclear devices. These spectra are subjects for investigation both

in edge and bulk plasmas especially under conditions of neutral beam (NB) injection. The reason

for the investigation are closely connected with a determination of  multicharged ion diffusion

coefficients as well as plasma attachment or detachment  conditions

The change exchange spectroscopy is of a special interest for experimental investigations

because it results in a population of highly excited states of multicharged ions which make it

possible to observe spectral lines of ions in visible spectral ranges. So it is of interest to elaborate

a kinetic model for the determination of intensities of spectral lines due to charge exchange in

thermonuclear plasmas.

It is a distant goal to elaborate a differential kinetic model taking into account polarization

effects in charge exchange spectroscopy. Really a neutral beam injected into thermonuclear

plasmas determines a specific direction resulting in the orientation of ion electronic states

populated by charge exchange on beam’s atoms. So the charge exchange effect results in a selective

population  of  both orbital and magnetic quantum numbers  resulting in its turn in a polarization

of spectral lines irradiated by the ions. The determination of the polarization state of the excited

ion’s energy levels is a complicated problem connected with effects of depolarization collisions as

well as plasma microfield effects changing the quantization direction of the energy levels.

We’ll consider as a first step the effects of charge exchange population on intensities of

spectral lines of multicharged ions in thermonuclear plasmas.



To do this the estimations of different atomic energy level population channels are to be

done together with ionization balance of impurities in such a plasma [1] shall limit ourselves by a

comparison of different population sources which are as follows:

• electron impact excitation (ext) from a ground atomic state;

• radiative recombination (rr) of an electron on the impurity ion;

• dielectronic recombination (dr) of an electron on an impurity ion with a complex

atomic core;

• charge exchange (cx) population of excited impurity atomic levels in collisions of

impurity ions with fast hydrogen atoms from NB;

• polarization recombination (PlR) for ions with heavy cores [2].

The electron ionization (ion) must be also taken into account for a determination of

ionization state of impurity atoms observed.

The dielectronic recombination rates dr must be corrected with account for plasma

density effects connected with the plasma microfield effects, secondary ionization by plasma

electrons, etc. [3].

The PlR channel with a rate PlR can be estimated with the help of its ratio R(ω) to the

standard radiative recombination channel with a rate rr. The ratio R( ) of both channels at a

given transition frequency  is determined by the ration of the effective number N( ) of electrons

inside the ions core to the effective ion charge Z( ) that is [2]:

R( )= PlR/ rr=[ N( )/Z( )]2

So the contribution of the polarization recombination channel can be taken into account by

the correction of the RR-channel with the help of the multiplication of the rate αrr by the factor

[1+ R( )]. Practically the factor is close to the unity for small and average values of nuclear

charges typical for thermonuclear investigations mentioned above.

Let us make general remarks before detail calculations. The light quanta observed are

determined by the sources mentioned above. These sources to a particular energy level n are due

to excitation of the A+Z-ion and recombination of the A+(Z+1)-ion that is

q(n) = n
extN

A+ Z + n
recN

A+( Z+1)



where n
ext, n

rec  are rates of excitation and all recombination processes including charge exchange

recombination to level n, N
A+ Z  is a density of A+Z-ions. To make a comparison between two

members one must take into account the ionisation balance equation:

- rec N
A + (Z +1)  +  ionN

A + Z  =  0 ,

where rec , ion  are total recombination and ionisation collision  rates.

These two equation must be considered together. Expressing from the last equation the

density N
A +(Z+1) = N

A+ Z

ion / rec   and substituting it into the first equation one obtains:

q(n) = N
A+Z [ n

ext + ion
n
rec / rec]

One can see that the recombination source contains the ration of recombination rates to the

particular energy level n to the total recombination rate. The relationship between excitation and

recombination sources depends on a specific atomic structure of the ion and its principle quantum

number n observed as well as on plasma conditions. When the recombination source dominates

the effect is proportional to the density N
A+ (Z +1) . At the same time the increase of recombination

channels results in the increase of both nominator (responsible for energy states populations) as

well as denominator (responsible for ionisation balance shift). So the recombination source results

in a saturation effect.

2. Kinetic models

We will   take into account   four population channels as it has been pointed above:

q(n)= qexc(n) + qrr(n) + qdr(n) + qcx(n),                                                                                    (1)

where

excitation by electron impact from ground state described by qexc(n);

radiative recombination described by qrr(n);

dielectronic recombination described by i;

charge exchange channel described by qcx(n).



The first three channels are well known and they are taken into account with the help of

numerical data presented in [1]. The charge exchange term takes into account a population of an

impurity ion A+Z-levels in collisions with neutral H-atoms that is

q cx (n) =  N
A +( Z+1)  NH  < v n

cx >
A+ (Z +1) H

= N
A +( Z+1)  NHkn

cx = N
A +( Z+1) n

cx ,                                (2)

where N
A+ (Z +1)   is the density of impurity atoms with the charge Z+1, NH is atomic neutral H-

atoms density in plasmas, kn
cx =<v n

cx>  is the charge exchange coefficient rate, αn
cx = NH kn

cx  is

the rate of charge exchange, n is charge exchange cross sections from the H-atoms to the n-level of

A+Z,  v is a velocity of neutral H-atoms with the typical value of their energy. For low energy H-

atoms one must take into account charge-exchange from excited states of H-atom populated y

electron impacts.

The A+Z level population kinetics must be solved together with an ionisation balance

kinetics describing a balance between A+Z and A+(Z+1) ion densities. Really the sources mentioned

above (1) are proportional to different ion densities, namely:

q exc(n) ~ NeNA+Z ,qrr (n)~ NeNA+(Z +1) ,qdr(n) ~ NeNA+( Z+1) , q cx(n) ~ NH N
A+ (Z +1)

The ratio NH/Ne is a parameter of the problem whereas N
A+ Z , N

A+( Z+1)   are connected by

the ionisation balance equation

- rec N
A + (Z +1)  +  ionN

A + Z  =  0 ,                                                                                                 (3)

where rec = rr + dr + cx, ion  are total recombination and ionization collision  rates.

It is seen from eq.(3) that the density N
A+ (Z +1)  is equal to

N
A +( Z+1) =  N

A+ Z

ion /( rr + dr + cx )                                                                                   (4)

It follow from eq.(4) also that the cx recombination source qcx(n) is equal to

q cx(n) = N
A+Z

ionN e

kn
cx NH / Ne

k rr + k dr + kcx NH / Ne

                                                              (5)                                       



As we can see from (5) in the case of large values of NH/Ne the source qcx(n) doesn't

depend on NH at all. However one must take into account that the neutral density in nominator

and denominator can be different because the density in the nominator is a local one (responsible

for a radiative decay from a specific atomic energy level n) whereas the density in denominator

must be averaged over a magnetic surface that means its multiplication by an slightly unknown

geometrical factor g<1.

The detail kinetic equation for specific n energy level populations  of A+Z -ion is:

N
A+ Z N ekn

ext + N
A+( Z+1) NHkn

cx + N
A+( Z+1) Nekn

rr + N
A+ (Z +1) Nekn

dr( ) −

− N
A+Z Nekn

ion + N
A+Z N

H + k
A+ Z (n)H +
cx + N

A+ Z Nekn
rr + N

A+Z Nekn
dr( ) = 0                                (6)

The detail kinetic equation (6) shows that the full flux on level n of A+Z may be written as

q
A+Z (n) = N

A+ Z Nekn
ext + N

A+ (Z +1) NHkn
cx + N

A+ (Z +1) Ne(kn
rr + kn

dr )                                                (7)

Using (4) we will write the expression for the flux to level n of A+Z as:

q
A+Z (n) = N

A+ Z Ne kn
ext + k ion kn

rr + kn
dr + kn

cx NH / N e

krr + kdr + gkcx NH / N e

 

 
 
 

 

 
 
 

                                                            (8)

Equation (8) contains rate coefficients to a particular value of principle quantum number in

nominator and total rate coefficients in the denominator. Let us extract the general dependence on

principle quantum numbers in the eq.(8).

The expressions for rate coefficients as functions of atomic and plasma parameters with

corresponding numerical data for coefficients , '  have been taken from [3]:

kn
ext = 10−8 1

2l0 + 1

Ry

∆E

E1

E0

 

 
  

 

 
  

3

2

′ G ( )e−
;                                                                             (9)

where

′ G (Z > 1) =
′ A ( +1)

+ ′ 
; =

∆E

T
= Zi

2Ry / n1
2T ;



k ion =10−8 1

2l0 +1
Qi

Ry

EZ

 

 
  

 

 
  

3

2

G( )e−
;

(10)

where

G(Z >1) =
A

+
,  =

EZ

T
=

Z 2Ry

n1
2T

;

  
kn

rr =
32 a0h

3 3m(137)3 Zn1 1

1

2 ln 1,78 1( ) − e 1 Ei − 1( ) 1 + 1

n1

 

 
  

 

 
  

 

 
 
 

 

 
 
 =ℵ0n

Kr Z 4

n3 ;                          (11)

where ℵn0
Kr   is the Kramer’s rate coefficient of radiation recombination [1], 1 =

Z 2Ry

n1
2T

.

The general formula for charge exchange cross section is absent for the energy range of

interest. We will use below a classical scaling for the cx rates in collisions with fast H-atoms with

the energy 150  keV which are in a reasonable correspondence with numerical data for the energy

range [4]

k cx = 0.510−5[(Z +1)/25]3
,

(12)

The distribution of the cx rate over principle quantum numbers is rather broad. From an

analysis of numerical data we will put it below to be uniform in the range of principle quantum

numbers of order of (Z+1)/2, that is

kn
cx = 10−5[(Z +1)/25]3 /(Z +1)                                            (13)

For the dielectronic recombination one has [5]

k dr ≈ 510−10[(Z +1)2 Ry / T ]3 / 2 f ( ,eV /(13.6)2 )3 / 4 (Z +1)−2 exp(− / T ),cm3s−1

                                                                                                                                                (14)

The distribution of DR rates over principle quantum numbers is also very broad in the

domain of order of effective quantum number n* being typically of order of 102. However the

value of principle quantum number doesn’t contribute to DR in plasmas because of secondary

ionization processes. The numerical calculations show that practically only values n=10-20

contribute to the DR rates. So we will put it to be uniformly distributed inside the range of n=10.

It is necessary to note that the real value of DR can be changed strongly by the action of plasma



microfields on the highly excited ions energy states. The action of all these effects must be taken

into account simultaneously. Fortunately their action is partially compensated.

Substituting typical values of collision rates into eq. (8) one arrives to the estimation of

the total source responsible for a population of excited impurity energy levels:

q(n) = N
A+Z Ne{kn

ext

+k ion 10−14(Z + 1)n1(n1 / n)3 + 4 ⋅10−14(Z + 1)2 f /0.1n* + (NH / Ne)10−5(Z +1)2 /253

10−14(Z +1)n1 + 4 ⋅10−14(Z +1)2 f + g(NH / Ne)0.5 ⋅10−5(Z +1)3 /253
}

(15)

where n1 is a principal quantum number of a ground state (n1=1 for H, He-like ions and n1=2 for

Li- and more complex ions), n* is a typical quantum number for DR equal to 102, g is the

geometrical factor accounting for contribution of charge exchange processes into the impurity

ionization stage.

Extracting the ionization cross section out of the brackets and taking into account

relationships (9,10) one obtains:

q(n)[cm−3s −1 ] = B ⋅ q* (n),
                                                                                               (16)

where

B = 10−8 N
A+ Z Ne(Z +1)−3G((Z +1)2 Ry / n1

2T )exp[ −(Z + 1)2 Ry / n1
2T )],

and the reduced source:

q*(n) = V ⋅
n1

n

 
  

 
  

3

+ 10−14(Z +1)n1(n1 / n)3 + 4 ⋅10−14(Z +1)2 f / 0.1n* + (NH / Ne )10−5(Z +1)2 /253

10−14(Z +1)n1 + 4 ⋅10−14(Z + 1)2 f + g(NH / Ne )0.5 ⋅10−5 (Z + 1)3 /253

,

The function G(x) is given by eq.(10) and V is a slowly varying function of order of unity.

3. Conclusion

The equation (16) is an estimation of the total population source into a specific energy

level n due to four types of processes mentioned above.

The intensities Ink of radiative transitions between atomic states n k of A+Z

are  calculated by



  Ink = h nk N(n)Wnk .

The probabilities Wnk are pure atomic characteristics whereas populations N(n)  depend on

conditions of  plasma. Under corona conditions the source is simply equal to the quantity of

quanta radiated by the impurity.

The consideration above demonstrates the essential effect of charge exchange on the

intensities of ions spectral lines under neutral beam injection conditions. The interesting effect is

connected with partial canceling of the neutral density effects due to shift of ionization balance

between A+(Z+1) and A+Z ions under the conditions of charge exchange recombination resulting in

the saturation effect mentioned above. This is why the data with and without account charge

exchange processes are of the same orders of magnitudes.

Really let us put the value of principle quantum numbers n in eq. (16) to be large enough

so that the energy of quanta observed Z2/n3 =0.1 a.u. belongs to the visible domain.  Then it

follows from the eq.(16) that dominant recombination channels are dielectronic and charge

exchange recombinations. When NH/Ne =0 the term q*(n)  in the eq.(16) is approximately equal to

0.1 whereas when NH/Ne   the term is equal to 2/Z that is not so distant from the first value for

Z<30. So a contrast with the action of the beam is not so large. The dependence of the reduced

source q*(n)  on the value of  NH/Ne is presented on Figs.1,2 at different values of  ion charge Z.

One can see  the saturation effect which is of special importance for large ions charges. It results

in the less sensitivity of the population source to the value NH /Ne for these ions.

One can see also from Fig.2 that the effect of charge exchange increases for diagnostic

beams with a small value of geometrical factor g in eq. (16). The rest problem is an observation of

small signal produced by the beam in thermonuclear devices.

Figs.1,2 must be analyzed together with the curves on Fig.3 where the most representative

ion charges are shown at different values of NH /Ne.
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Abstract 

Longitudinal alignment of OV triplet lines for the (2s3s 3S1 – 2s3p 3P0,1,2) transitions is studied on the 

basis of a population-alignment collisional-radiative (PACR) model, which correlates quantitatively the 

observed polarization of emission lines from ions and atoms in a plasma with an anisotropy in the electron 

velocity distribution. The results are compared with measurements on the WT-3 tokamak at Kyoto 

University. The measured negative values of the longitudinal alignment are qualitatively explained from the 

anisotropic  velocity distributions that have higher speed in the poloidal direction than that in the toroidal 

direction. 



1. Introduction 

It has been reported that emission lines may be polarized in magnetically confined plasmas [1,2,3]. This fact 

means that in addition to the intensity and the spectral profile of a line, we can use its polarization 

information in interpreting the conditions in the plasma. The triplet lines 3 3
1 0,1,2(2s3s S 2s3p P )−  of 

beryllium-like OV ions are often used in plasma diagnostics since the lines rather strong and the wavelengths 

are in the ultraviolet-visible region. It has been reported that the intensity ratio between the π component 

having the electric fields oscillating in the direction of the quantization axis, toroidal direction, and the σ 

component of the J=1 – 2 transition in the triplet lines changed during the discharge time [1]. This indicates 

that the ensemble of the upper levels ions is aligned. It is suggested that the spatially anisotropic collisional 

excitation by electrons having an anisotropic velocity distribution creates the alignment. In order to interpret 

the observed polarization of emission lines in terms of the anisotropic velocity distribution, we have 

constructed a kinetic model for the OV ions: the population-alignment collisional-radiative (PACR) model. 

 

2. PACR model for OV ions  

The levels of the 2s2, 2s2p, 2p2, 2s3s, 2s3p, and 2s3d configurations for OV (twenty levels) are considered in 

our model. Figure 1 shows the relevant part of the energy level diagram. The label numbers (1) to (20) are 

used to refer to the levels. The population densities are calculated for these twenty levels under the 

assumption that all transitions considered are optically thin and the plasma is the ionizing plasma.  

In a PPS observation, the population and the alignment are determined for the upper level. The observed 

line intensity is given by the upper-level population and the radiative transition probability, and the degree of 

polarization of the observed line is given by the alignment, or the degree of the population imbalance, of the 

upper level. Thus a population n(p) and alignment a(p) are assigned to each level p. Transition probabilities 

and collision cross sections between the singlet levels are taken from the previous CR model for OV [4]. The 

alignment is considered only for the triplet levels. The excitation and deexcitation cross sections between a 

magnetic sublevel and a magnetic sublevel concerning anisotropic collisions are calculated by the distorted 

wave approximation for the transitions between levels (1)– (2), (3), (4) and (1) – (14), (15), (16) and (2), (3), 

(4) – (14), (15), (16) and for transitions between the different J levels in the same configuration i.e. (2) – (3), 

(4) and (3) – (4) and (14) – (15), (16) and (15) – (16). 

For excitation and deexcitation of J a Jα ′ ′← ( J a Jα ′ ′≠ ) or r p→ ( r p≠ ), the cross section data are 

the collision cross sections ,JM J MQα α ′ ′ ′from a magnetic sublevel a J M′ ′ ′ to a magnetic sublevel JMα . As 

examples, the magnetic -sublevel-to-magnetic-sublevel cross sections ,JM J MQα α ′ ′ ′ from the ground state (1) 

2s2 1S0 to (16) 2s3p 3P2 and from (4) 2s3p 3P2 to (16) 2s3p 3P2 are tabulated in Table 1. 

The collision cross sections employed in the PACR model are denoted by 0 ( , )kkQ r p′ . The cross 

section 00
0 ( , )Q r p  is the cross section from the population of level r to the population of level p; this is 

nothing but the conventional excitation cross section under isotropic collision conditions, 20
0 ( , )Q r p  is from 

population of level r to alignment of level p, 02
0 ( , )Q r p  from alignment of level r to population of level p, 



and 22
0 ( , )Q r p  from alignment of level r to alignment of level p. These cross sections are related to the 

magnetic-sublevel-to-magnetic -sublevel cross sections as follows; [3] 

00 1
0 ,( , ) (2 1) JM J M

MM

Q r p J Qα α
−

′ ′ ′
′

′= + ∑   (2.1) 

20 1
0 ,( , ) (2 1) ( 1) |20J M

JM J M
MM

Q r p J JJM M Qα α
− −

′ ′ ′
′

′= + − < − >∑  (2.2) 

02
0 ,( , ) ( 1) |20J M

JM J M
M M

Q r p J J M M Qα α
′ ′−

′ ′ ′
′

′ ′ ′ ′= − < − >∑ ∑  (2.3) 

22
0 ,( , ) ( 1) |20 |20J J M M

JM J M
MM

Q r p JJM M J J M M Qα α
′ ′+ + +

′ ′ ′
′

′ ′ ′ ′= − < − >< − >∑  (2.4) 

where |JJM M kq< − > is the Clebsch-Gordan coefficient. 

The converted excitation cross sections are plotted in Figure 2 (a) – (d) for the transition of (4) to (16) as 

an example. The plotted lines of the cross sections are the results of smooth spline interpolations for the 

calculated data. These cross sections concerning the alignment a(p): 02
0 ( , )Q r p , 20

0 ( , )Q r p , 22
0 ( , )Q r p  may 

take negative values in contrast to the population to population cross sections 00
0 ( , )Q r p . 

One example of the anisotropic electron velocity distributions is the existence of a beam component 

superimposed on bulk electrons having an isotropic distribution [5,6]. Another example is a Maxwellian 

distribution with different temperatures in different directions [7,8]. In order to quantify a velocity 

distribution, 

it is expressed by ( , )f θv , which satisfies the normalization condition, 2( , ) sin d d 1f θ θ θ =∫∫ v v v . Axial 

symmetry is assumed around the z-axis, the quantization axis. It is convenient to expand the velocity 

distribution in terms of Legendre polynomials, 

( , ) ( ) (cos )K K
K

f f Pθ θ= ∑v v   (2.5) 

where (cos )KP θ  is the K th Legendre polynomial. The expansion coefficients are obtained by 

2 1
( ) ( ,cos ) (cos )sin d

2K K

K
f f Pθ θ θ θ+= ∫v v .  (2.6) 

Since it is impossible to distinguish between cosθ  and cos( )π θ−  components in an actual observation, 

only the K = (even) terms are considered.  

We take the quantization axis in the magnetic field direction. In practice, the quantization axis is 

regarded as parallel to the toroidal direction. Two anisotropic velocity distribution models are assumed in the 

PACR model. In the first model, most of the electrons are described by the isotropic Maxwell velocity 

distribution and some of them have a shifted Maxwell distribution along the quantization z-axis centered at a 

high velocity Vz. These two parts are called the main M ( , )f θv and the child C ( , )f θv components; 

M C( , ) ( , ) ( , )f f fθ θ θ= +v v v   (2.7a)  



3 / 2

2
M

B e B eM M

2
( , ) exp

1 2 2
m m

f
k T k T

πθ
δ π

   
= −   +    

v v    (2.7b) 

( )
3 / 2

2 2
C

B e B eC C

2
( , ) exp 2 cos

1 2 2 z z

m m
f V V

k T k T
πδθ θ

δ π
   

= − − +   +    
v v v , (2.7c) 

where δ  is the electron number ratio between the child and main components. This velocity distribution 

corresponds to the model of the runaway electrons in a main plasma in a tokamak. 

In the second model, the electron velocity distribution is described by different electron temperatures; 

parallel and perpendicular to the quantization axis: the toroidal temperature Tt and the poloidal temperature 

Tp. The electron velocity distribution ( , )f θv  is expressed as 

1/23 / 2 2 2
2

2
B p t B p t

1 sin cos
( , ) exp

2 2
m m

f
k T T k T T

θ θθ
π

        = − +                   
v v . (2.8) 

It is noted that these two parameters called temperature here are not real temperatures, since the concept of 

electron temperature is based on the assumption that electrons obey the isotropic Maxwell velocity 

distribution. Temperature cannot be defined when we introduce the anisotropic velocity distribution. The 

shape of the equi-velocity surface of the distribution becomes “rugby-ball like” when the toroidal 

temperature is higher than the poloidal one, t pT T> , and “pancake-like” when t pT T< . Examples of the 

Legendre expansion coefficients 3( )Kf v v (K=0,2,4) are shown in Figure 2 (e) – (f) for the distribution with 

two temperatures of Tt = 40 eV and Tp = 100 eV.   

The excitation rate coefficients for the transitions J Jα α ′ ′← , or r p→ , are defined with the 

following formula in the PACR model [3]: 

00 00 3
0 0( , ) ( , )2 ( ) dC r p Q r p f= ∫ v v v   (2.9a) 

20 20 3
0 2

2
( , ) ( , ) ( ) d

5
C r p Q r p f= ∫ v v v   (2.9b) 

02 02 3
0 2

2
( , ) ( , ) ( ) d

5
C r p Q r p f= ∫ v v v   (2.9c) 

22 22 22 22 3
0 1 2 0

22 22 22 3
0 1 2 2
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5
2

[2 ( , ) ( , ) 2 ( , )] ( ) d
35
2

[6 ( , ) 4 ( , ) ( , )] ( ) d
105

C r p Q r p Q r p Q r p f

Q r p Q r p Q r p f

Q r p Q r p Q r p f

= + +

+ + −

+ − +

∫

∫

∫

v v v 

v v v

v v v  (2.9d) 

where  the ( )Kf v  functions are the Legendre expansion coefficients defined above. The cross sections and 

the corresponding expansion coefficients in the integrands above are displayed in Figure 2. 

Spontaneous radiative transition processes are isotropic, and we have only the two corresponding rates: 

for r p→  ( p r≠ ). 



00 ( , ) ( , )A r p A r p=   (2.10a) 

122 2
( , ) ( 1) (2 1) ( , )

1
r p r rJ J

r
p p

J J
A r p J A r p

J J
+ +  

= − +  
 

 (2.10b) 

where ( , )A r p  is the usual Einstein A coefficient and {} is the 6-j symbol.  

We have two sets of rate equations for the ensemble of atoms. For population we have a rate equation 

00 00
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d
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≠
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+

−

∑

∑ ∑

∑
 (2.11) 

and for alignment we have 
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∑

∑   (2.12) 

where en  is the electron density, 20 ( , )C p p  is the alignment production rate coefficient as given by the 

sum of the rate coefficient for the unequal depopulation from different magnetic sublevels and alignment 

production by elastic  collisions, 02 ( , )C p p  is the rate of alignment decay by depopulation from the 

magnetic sublevels, and  22 ( , )C p p  is the rate coefficient for alignment destruction. The alignment 

destruction process has two components: inelastic and elastic collisions. The former is depopulation. The 

latter process may be called disalignment. At the moment, these rate coefficients are not available, so that we 

set 02 ( , ) 0C p p = , 20 ( , ) 0C p p =  and 22 00( , ) ( , ) ( )
r p

C p p C p r S p
≠

= +∑ . This corresponds to the assumption 

that the cross sections for the depopulation rate from the magnetic sublevels JMα are all equal. 

The population n(p) and the alignment a(p) for OV twenty levels are determined after solving the 

simultaneous equations under the steady state condition. The population n(p) of the 2s3p 3P0, 1, 2 levels; n(14), 

n(15) and n(16) as a function of the electron density are shown in Figure 3 for the distribution with 

temperature components of Tt = 40 eV and Tp = 100 eV.  

An ensemble of atoms is excited to the level p and the emission line for transition p s→  is then 

observed from the direction perpendicular to the quantization axis. The intensity which is proportional to the 

population 

 0 2

1
( ) ( , )

4
I n p A p s

l
ω

π
= h , (2.13) 



where l is the distance from the emitting atoms to the detector, is given by 

  

 0ð ó

2
( 2 )

3
I I I= + . (2.14) 

The longitudinal alignment is defined as  

 ð ó
L

ð ó

( )
( 2 )

I I
A

I I
−=

+
, (2.15) 

and the degree of polarization is related to the longitudinal alignment by 

 L

L

3
2

A
P

A
=

+
. (2.16)  

The intensities of the π and σ polarization components are given as [3] 

 ð 2

21 ( )
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1 18 ( )
P s p pJ J

p
s

J J a p
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Jl n p
ω

π
+  = + − +  

 
h  (2.17a) 
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1 18 2 ( )
P s p pJ J
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s

J J a p
I n p A p s J

Jl n p
ω

π
+  = − − +  

 
h . (2.17b) 

From equations (2.15) and (2.17) the population n(p) and alignment a(p) are related to the longitudinal 

alignment, 

 
23 ( )

( , ) ( ) (2 1)
1 12 ( )

P s p pJ J
L p

s

J J a p
A p s J

J n p
+  = − +  

 
. (2.18) 

For the observed lines OV 2s3s 3
1S − 2s3p 3

1,2P  the longitudinal alignments are calculated from  

3 3
1 2

3 3
1 2

( P ) ( P )3 7
( 1 1) , ( 2 1)

8 ( P ) 8 ( P )L L

a a
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The longitudinal alignment of the 2s3p 3P0, 1, 2 levels; AL(15,11) and AL(16,11) as a function of the 

electron density are shown in Figure 3 for the two temperatures Maxwell distribution of equation (2.8) with 

Tt = 40 eV and Tp = 100 eV. The absolute values of AL for both the transitions become large as ne decreases 

and reach a plateau between 1018 and 1021
 m

–3. The contour map of the longitudinal alignment AL(16,11) is 

displayed in the three dimensional plot in Figure 4 for ne = 1018 m–3. The range of Tp and Tt is between 10 

and 300 eV. 

The AL value changes from 0.05 to –0.02 in the varied temperature range. Absolute values of AL larger 

than 0.01 are realized only when the anisotropy of the velocity distribution is extremely large. From a close 

look into the calculation it is found that the alignment creation from the ground state plays the dominant role 

to produce polarization of the emission line. One third of AL(16,11) is due to the alignment creation from the 

ground state, level (1), population to alignment of level (16). The next dominant contribution is alignment 

creation from the 2s2p 3P0,1,2 (2),(3),(4). Alignment to alignment transitions are less important.  

For the double Maxwell distribution having a high velocity component given by equation (2.7), the 

calculated longitudinal alignment is less than 0.005 in absolute value for δ values up to 0.2. 



 

3. Experimental Observations  

The WT-3 tokamak at Kyoto University is a middle-size toroidal plasma machine with a major radius of 0.65 

m and a minor radius of 0.21 m. Typical discharge times are about 100 ms with ne = 3×1018 m–3 and Te = 100 

– 300 eV. The plasma was produced in the joule -heating mode with a toroidal current of 60 kA to reach a 

stationary state at the one turn loop voltage of 2 V. The discharges are performed with hydrogen as a filling 

gas, and oxygen was the most common impurity.   

The plasma was observed from slightly above the equatoria l plane through a 15 mm-thick fused silica 

plate. Knife-edge blades light dump was equipped on the counter wall of the view port. Two plane mirrors 

and one concave mirror reduced the plasma image by a factor of one eighth which was focused on the  

entrance slit of a spectrometer. A one-meter focal length spectrometer (f/10) was equipped with a 3600 

grooves/mm grating giving a reciprocal linear dispersion of 0.25 nm/mm at 280 nm. The spectrum was 

detected by an intensified CCD camera of 512×512 pixels (Princeton Instruments IMAX512T). Just behind 

the entrance slit we placed a calcite plate with thickness 5 mm. The crystal optic axis was in the horizontal 

direction at 30 o with respect to the surface normal. The normal incident light was separated into the ordinary 

(o) ray and the extraordinary (e) ray according to the polarization. Since the quantization axis in the toroidal 

direction, the π polarized component of the emission line is the e-ray (having the electric fields oscillating in 

the direction of the quantization axis) and the σ light is the o-ray. The e-ray (π) was displaced parallel form 

the o-ray (σ) by about 0.5 mm. The polarization resolved spectral line intensity of the OV triplet lines (2s3s 
3S1 – 2s3p 3PJ) 278.104 nm (J = 2), 278.803 nm (J = 1) and 278.986 nm (J = 0) was obtained. A typical 

spectral image is shown in Figure 5 which was recorded with an exposure time of 100 ms. The vertical y-axis 

corresponds to the distance over the plasma from the toroidal axis up to 80 mm. The sum of the counts over 

the y-axis is shown in Figure 6. Since several Fe II lines are observed with substantial intensity around the 

dominant OV triplet lines, the OV lines are fit with a nonlinear least square fitting routine over restricted 

fitting regions so as to eliminate the Fe II lines. Apparently the π components of the spectral lines were 

stronger than the σ components; this was due to the different reflectivities of the mirrors and grating for 

different polarized components. The relative sensitivity was calibrated by means of the unpolarized OV 

J=1-0 line (279.0 nm): The spontaneous emission of the transition from the J = 0 level to the J = 1 level is 

never polarized since there is only one upper magnetic sublevel (MJ = 0) and the relative intensity of π and σ 

light is equal in the observation perpendicular to the quantization axis. The relative sensitivity for the π/σ 

light components was determined to be 1.25 in the centeral region of the image and depens only slightly on 

the y-axis of the spectral image. 

Ten pixels from the top in every one hundred pixels were binned in order to reduce the data transfer time. 

It made it possible to perform position and time resolved polarization spectroscopy. The six regions labeled 

(a) to (f) in Figure 5 correspond to plasma regions with 18.75 mm distant each in position from the plasma 

center. Each shot with 100 ms discharge period produced four frames of spectrum at six different positions in 



plasma. The time evolution of the polarization resolved spectra of the region (b) is shown in Figure 7. This 

was taken with the exposure time of 3 ms with a 25.6 ms interval. Changes in relative intensity of the π and 

σ components are clearly seen, particularly for the J = 1 – 2 transition, indicating a change in the polarization 

degree of this line during the course of time. For instance, in the frame 3 (64.0 – 67.0 ms) of Figure 7, the 

apparent intensity of the σ light is comparable to the π light. Considering the relative sensitivity of our 

system, we conclude that the σ light intensity is stronger than the π light. 

Each of the line intensities of the mutiplet spectra were evaluated after performing least square fits to the 

observed spectra. The relative sensitivity was corrected for, and the longitudinal alignment AL was obtained 

according to equation (2.15). The longitudinal alignment AL for the J = 1 – 0 line was confirmed to be 0 

within the statistical uncertainty. This confirms that the relative sensitivity calibration was correct. Figure 8 

shows the time evolution of the longitudinal alignments AL for the J = 1 – 2 transition in six different 

positions in the plasma. AL vary values between 0.050±28 and –0.078±16.  

 

5. Comparison of calculation with measurement and discussion 

The relatively large observed longitudinal alignment seen in an experiments was qualitatively explained in 

terms of the anisotropic electron distribution having the Maxwellian distribution with two temperature 

components rather than the double Maxwellian distribution with a high energy electron components. The 

higher toroidal temperature relative to the poloidal temperature causes the positive longitudinal alignment. 

The negative longitudinal alignment suggests that the poloidal component of the electron velocity 

distribution has a higher temperature than the toroidal one. 

However the observed longitudinal alignment was at least four times larger than that simulated. This 

quantitative discrepancy may be explained by the following reasons: (i) The resonance structure of the cross 

section near the threshold energy may substantially contribute to alignment creation. (ii) The alignment 

creation by elastic scattering for the ion may play an important role. (iii) Alignment creation from the other 

triplet states, for example 2p2 3P0, 1, 2; (6), (7), (8), may be important. 
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Table 1. The cross section between a magnetic sublevel to a magnetic sublevel for the transitions from (a) (1) – (16) 

the ground state 2s2 1S0 (MJ’ = 0) to 2s3p 3P2 (MJ = 0, ±1, ±2) and (b) (4) – (16) 2s2p 3P2 (MJ’ = 0, ±1, ±2) to 2s3p 3P2 

(MJ = 0, ±1, ±2). Axial symmetry is assumed.  

  (a)  

Electron Cross section from MJ’ = 0 
energy  to MJ = 0 to MJ = ±1 to MJ = ±2  
E / eV  Q(E) / cm2 

 
12.0403  1.04521E-19 8.17786E-20 1.35507E-20 

12.0715  1.03336E-19 8.08635E-20 1.34462E-20 

12.1951  9.90237E-20 7.74690E-20 1.28051E-20 

12.3984  9.24614E-20 7.22801E-20 1.17364E-20 

12.6775  8.47100E-20 6.60254E-20 9.97166E-21 

13.4432  6.49552E-20 5.08011E-20 8.33905E-21 

14.4471  4.72833E-20 3.69040E-20 5.76629E-21 

15.6435  3.23014E-20 2.53166E-20 4.36215E-21 

19.2021  1.11021E-20 8.88879E-21 2.24898E-21 

23.3392  3.60141E-21 2.99308E-21 1.16808E-21 

27.7258  1.24059E-21 1.08102E-21 6.02280E-22 

32.3221  4.63036E-22 4.24347E-22 3.08281E-22 

41.7698  8.59680E-23 8.64815E-23 8.80221E-23 

51.4268  2.18730E-23 2.36907E-23 2.91437E-23 

61.1941  7.02377E-24 8.04687E-24 1.11162E-23 

 

 



 

 

 

  (b)  

Electron Cross section from MJ’ = 0 
energy  to MJ = 0 to MJ = ±1 to MJ = ±2  
E / eV  Q(E) / cm2 

 
11.1485 2.34744E-18 1.70406E-19 4.52239E-20 

11.1821 2.33830E-18 1.68291E-19 4.46328E-20 

11.3155  2.30395E-18 1.60609E-19 4.27339E-20 

11.5343  2.23967E-18 1.48155E-19 4.00266E-20 

11.8338  2.15643E-18 1.32003E-19 3.60549E-20 

12.6507  1.94774E-18 1.00423E-19 2.86709E-20 

13.7128  1.71506E-18 7.11771E-20 2.20616E-20 

14.9680  1.48109E-18 4.91073E-20 1.72482E-20 

18.6558  9.84364E-19 1.98474E-20 1.17041E-20 

22.8919  6.48249E-19 9.14213E-21 9.75923E-21 

27.3503  4.42624E-19 4.85780E-21 8.54905E-21 

32.0006  3.13724E-19 2.82647E-21 7.41573E-21 

41.5216  1.76636E-19 1.14160E-21 5.43006E-21 

51.2254  1.11539E-19 5.17039E-22 3.83851E-21 

61.0249  7.64851E-20 2.54041E-22 2.68155E-21 

 

 



 

 

(b) continued 

 

Electron Cross section from MJ’ = ±1 
energy  to MJ = ∓ 2 to MJ = ∓ 1 to MJ = 0 to MJ = ±1 to MJ = ±2 
E / eV  Q(E) / cm2 

 
11.1485  4.42067E-20 5.02090E-20 1.83033E-19 2.38336E-18 8.56024E-20 

11.1821  4.35935E-20 4.96339E-20 1.80678E-19 2.37253E-18 8.49790E-20 

11.3155  4.14134E-20 4.74677E-20 1.72540E-19 2.33132E-18 8.25821E-20 

11.5343  3.84410E-20 4.42557E-20 1.58711E-19 2.26060E-18 7.93536E-20 

11.8338  3.47546E-20 4.04043E-20 1.40189E-19 2.16821E-18 7.53451E-20 

12.6507  2.56123E-20 3.23935E-20 1.05692E-19 1.94552E-18 6.54321E-20 

13.7128  1.78667E-20 2.58278E-20 7.36013E-20 1.70114E-18 5.61203E-20 

14.9680  1.17713E-20 2.13637E-20 4.96543E-20 1.46314E-18 4.82568E-20 

18.6558  3.82307E-21 1.63479E-20 1.87129E-20 9.77051E-19 3.47444E-20 

22.8919  1.20622E-21 1.43055E-20 8.15900E-21 6.54495E-19 2.49855E-20 

27.3503  4.36052E-22 1.26892E-20 4.27116E-21 4.55852E-19 1.76000E-20 

32.0006  1.77791E-22 1.10585E-20 2.51004E-21 3.29384E-19 1.21229E-20 

41.5216  4.12122E-23 8.12613E-21 1.05132E-21 1.91294E-19 5.76967E-21 

51.2254  1.29206E-23 5.75125E-21 4.88330E-22 1.23528E-19 2.79306E-21 

61.0249  4.89951E-24 4.01978E-21 2.43474E-22 8.60392E-20 1.41691E-21 



 

 

(b) continued 

 

Electron Cross section from MJ’ = ±2 
energy  to MJ = ∓ 2 to MJ = ∓ 1 to MJ = 0 to MJ = ±1 to MJ = ±2 
E / eV  Q(E) / cm2 

 
11.1485  5.84639E-39 4.42067E-20 9.98760E-20 1.65487E-19 2.31378E-18 

11.1821  5.90279E-39 4.35935E-20 9.87813E-20 1.63880E-19 2.30161E-18 

11.3155  6.09932E-39 4.14134E-20 9.36142E-20 1.57303E-19 2.25192E-18 

11.5343  6.35860E-39 3.84410E-20 8.63724E-20 1.46792E-19 2.18515E-18 

11.8338  6.76808E-39 3.47546E-20 7.90231E-20 1.34667E-19 2.09816E-18 

12.6507  7.56812E-39 2.56123E-20 5.96823E-20 1.06966E-19 1.88068E-18 

13.7128  8.81844E-39 1.78667E-20 4.33781E-20 8.22747E-20 1.64370E-18 

14.9680  1.05388E-38 1.17713E-20 3.14257E-20 6.35210E-20 1.41796E-18 

18.6558  1.55036E-38 3.82307E-21 1.65816E-20 3.73499E-20 9.77370E-19 

22.8919  1.84060E-38 1.20622E-21 1.14654E-20 2.47243E-20 6.89876E-19 

27.3503  1.83840E-38 4.36052E-22 9.17029E-21 1.70476E-20 5.07921E-19 

32.0006  1.64056E-38 1.77791E-22 7.65435E-21 1.17287E-20 3.86336E-19 

41.5216  1.20535E-38 4.12122E-23 5.47278E-21 5.63198E-21 2.42758E-19 

51.2254  4.72630E-38 1.29206E-23 3.84814E-21 2.74538E-21 1.65318E-19 

61.0249  1.83779E-37 4.89951E-24 2.68418E-21 1.39847E-21 1.19392E-19 

 



Figure Captions  

 

Figure 1 Energy level diagram of the levels included in the present PACR model calculation. The spectroscopic 

transitions observed are from levels (14), (15), (16) to (11). 

 

Figure 2 An example of the cross sections for 2s2p 3P2 level (14) and 2s3p 3P2 level (16). (a) population to 

population 00
0 ( , )Q r p , (b) population to alignment 20

0 ( , )Q r p  (c) alignment to population 02
0 ( , )Q r p  and 

(d) alignment to alignment 22
0 ( , )Q r p  The Legendre expansion coefficients of the velocity distribution 

having two temperatures Tp, = 100 eV and Tt  = 40 eV that are used to obtain the rate coefficients are 

plotted under the corresponding cross sections. See equation (2.9) (e) 3
0 ( )f v v . (f) 3

2 ( )f v v . (g) The 

dash-dotted line is 3
4 ( )f v v with 3

0 ( )f v v  and 3
2 ( )f v v . 

 

Figure 3 The electron density ne dependence of (a) the population of level (14) (dash-dotted line), level (15) 

(broken line) and level (16) (thick line). (b) the longitudinal alignment AL(15,11) (broken line) and AL(16,11) 

(thick line) for the two temperatures Tp = 100 eV and Tt = 40 eV 

 

Figure 4  The dependence of the longitudinal alignment AL(16,11) on the toroidal and poloidal temperatures. 

The electron density ne is 1018 m–3. 

 

Figure 5 A full image of the polarization resolved OV triplet lines 3 3
1 0,1,2(2s3s S 2s3p P )− , 278.104 nm (J = 

1 – 2), 278.803 nm (J = 1 – 1) and 278.986 nm (J = 1 – 0) obtained from WT-3. The right of each pair is 

the π-light having the electric fields oscillating in the direction of the toroidal axis, left σ -light. The 

exposure time is 100 ms. The ordinate corresponds to the distance from the plasma center. The labelled 

(a)-(f) regions are binned over 10-pixels each for the position- and time-resolved polarization 

measurements. 

 

Figure 6 A polarization resolved spectrum of the OV triplet with the fitting. 

 

Figure 7 Time evolution of the OV triplet spectra of the region b (Shot No 83831). Note that in frame 3 

(64.0-67.0 ms) for the 1-2 transition the intensity of the π light is weaker than that of σ light i.e. 

longitudinal alignment is substantially negative. 

 

Figure 8 Longitudinal alignment of the J = 1 – 2 emission line observed from different positions in the 

plasma.(a) line of sight crosses at 86 mm (b) 67 mm, (c) 48 mm, (d) 30 mm (e) 11 mm and (f) –8 mm 

from the center. 
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Hydrogen spectra in microwave fields

Richard More
NIFS

   Hydrogen spectra from fusion machines do not always show the expected
intensities for Zeeman split lines. Such spectra have been collected by
Fujimoto and Goto.[1]  Such spectra may be due to improper alignment of the
spectrometer or to effects of reflected light.  Is there another process able to
produce anomalous Zeeman spectra?  We examine the possible perturbation of
hydrogen spectra by high-power microwaves.

   In certain experiments, several Megawatts of 82.6 GHz electron cyclotron
resonance heating is pumped into the LHD machine.  This intense microwave
radiation is nearly resonant with the hydrogen Zeeman splitting in a 6T field.
We performed a numerical calculation to understand the effect of this
radiation.

   The calculation uses one-electron basis states with quantum numbers

n,  l ,m,σ. The isolated-atom Hamiltonian Ho includes the non-relativistic

binding energy and fine structure energy.  Static electric and magnetic fields

give a perturbation Hs = -  . Bo - er . Eo , where   = µoL + 2µo S  is the

sum of orbital and spin magnetic moments (µo = e  h /2mc is the Bohr

magneton).  The dynamic perturbation Hd(t)  has the same form as Hs but

uses the time-dependent electric and magnetic fields E(t), B(t) of the
microwave heating.  The Hamiltonian is not diagonal.  In our code, we can use
two sets of basis states: a large set, 1s through 4f, with spin (60 states), and a
small set, 2s through 3d, without spin (13 states).



   The code contains matrices for X, Y, Z, Lx, Ly, Lz, Sx, Sy, Sz, H(t), and ρo

where H(t) is the total Hamiltonian and ρo is the (initial) density matrix.  The

code solves the time-dependent Schroedinger equation:

(1)

H(t) has the time-dependence of the microwave electric and magnetic fields.

From U(t), the spectrum is calculated by forming the dipole autocorrelation
function,

(2)

The emission spectrum [2] is:

(3)

Eq. (3) gives the radiation seen from the y-direction having electric vector in
the x or z directions; the polarizations are easily separated.

   We evaluate Φ(t) for times up to ~ 40 psec in order to resolve Zeeman

splittings, but require a time-step dt ~ .4 10-17 seconds to resolve the K-shell.
This means the code must take 10 million time-steps. For stability and
accuracy, several matrix operations are needed for each time-step.  Therefore,
it is important to carefully organize the calculation; we use various numerical

  
ih

d

dt
U (t) = H(t) oU (t)

Φx (t) = Tr ˆ x ˆ U + ( t) ˆ x ˆ U (t) ˆ 
o[ ]

P( ) =
2e2 4

3c3 Re ei te− t Φx (t) + Φz (t)[ ]dt
0

∞

∫



tricks and use the small set of states for most calculations.  We collected the
necessary atomic data and checked it for consistency.

   There are several ways to use the code. We can calculate the effect of
microwaves on Zeeman or Stark spectrum.  We are most interested to see if
there is a new way to measure the local microwave intensity in the plasma.

   The code can easily calculate the DC Stark effect, DC Zeeman effect, Stark-
Zeeman mixtures, or the spectrum from aligned or polarized input
populations.  In these cases there are only static electric or magnetic fields.

   The code can also calculate harmonic production in laser interaction with H-
like ions, and can calculate cross-sections for excitation by the pulsed
microfield E(t) which arises in an ion-ion collision.

   The calculations performed so far show that the code reproduces the
expected Stark effect in a strong DC electric field, gives the expected Zeeman
effect (σ, π components) for static B-field and show that alignment changes

ratio of these components.  For an oscillating electro-magnetic field of

resonant frequency having microwave power ~30 kW/cm2, we find a 6%
change in the Zeeman profile.  This power is in the range of the intensities that
exist in some fusion machines.

References:

(1) Professor T. Fujimoto and Dr. M. Goto, unpublished communication.

(2) H. Griem,, Principles of Plasma Spectroscopy, Cambridge University
Press, Cambridge, 1997.



Spectral Motional Stark Effect
Measurement of |B| in Low-Field Devices

D. J. Den Hartog. D. Craig, G. Fiksel, and the MST group
Department of Physics, University of Wisconsin—Madison

V. I. Davydenko, A. A. Ivanov, and A. A. Lizunov
Budker Institute of Nuclear Physics, Novosibirsk , Russia

We have made first-time measurements of the magnetic field magnitude in the core of low-field
(< 0.5 T) magnetic fusion energy research devices.  This is a direct measurement of the motional
Stark splitting of the Balmer-α emission from a 30 keV neutral hydrogen beam injected into the
plasma.  These spatially localized non-perturbative measurements of |B| were made in the MST
reversed-field pinch at the University of Wisconsin–Madison and the GDT magnetic mirror at
the Budker Institute of Nuclear Physics.

In many low-field (< 0.5 T) magnetic fusion energy research devices such as reversed-
field pinches, magnetic mirrors, and spherical tori, the magnitude of of the magnetic field in the
core of the plasma is an important constraint for equilibrium modeling.  In these devices the
vacuum magnetic field profile can be greatly altered by dynamo, diamagnetic, or other plasma
driven mechanisms.  Thus non-perturbative spatially localized measurements of |B| are valuable
to an understanding of the physical mechanisms determining the behavior of the plasma.

In order to measure |B| in a high temperature fusion research plasma, we have
implemented a technique we call spectral motional Stark effect, or spectral MSE for short.1  This
is a direct measurement of the Balmer-α Stark spectrum emitted by the neutral hydrogen atoms
injected as a 30 keV beam into the plasma.2  The beam atoms are excited by collisions with the
plasma and emit statistically mixed line radiation.  We measure the separation of the π manifolds
(polarized parallel to the motional E = v ✕ B) of the Stark split Balmer-α line at 656.3 nm.
Since the beam velocity is accurately known, the measured separation is directly analyzed for
local |B|.  As a side note, measuring field line pitch via MSE polarimetry3 is not suitable for low-
field (<0.5 T) devices.  The π and σ manifolds are not sufficiently spaced in wavelength to allow
for separation with a filter polarimeter.

Since the initial implementation of this technique was on the MST Reversed-Field Pinch
at the University of Wisconsin–Madison, we shall report results from that device.  The RFP is a
toroidal magnetic confinement device similar to the tokamak, but with toroidal field Bφ ≈
poloidal field Bθ, with |B| < 0.5 T everywhere.  The magnetic field configuration of the MST
RFP is shown below in Fig. 1.  Note the extensive modification of the vacuum magnetic field,
which is entirely toroidal, by the the RFP plasma.  MST has a major radius R = 1.5 m, minor
radius a = 0.52 m, with torodial plasma current less than 500 kA, electron temperature ≤ 1 keV,
and electron density typically 1 × 1019 m-3.  Discharge duration is usually 60 ms with a 25 ms
current flat-top.



Fig. 1.  Self-generated currents drive the RFP plasma to a relaxed state in which the toroidal field
reverses direction at the edge.

For our 30 keV neutral hydrogen beam, the π+ and π- manifolds of the Balmer-α Stark
manifold are separated by approximately 0.2 nm for |B| = 0.5 T.  Measuring the splitting at this
level and smaller requires a high quality neutral beam and good collection optics.  The first order
spectral line measurement smearing mechanisms are finite beam temperatures, both parallel and
perpendicular to the direction of beam propagation, and a finite collection solid angle for the
beam emission.  On MST, low beam temperatures and carefully designed light collection optics
result in a total line smearing of FWHM ≈ 0.1 nm, enabling measurement of |B| down to about
0.2 T.  Our neutral beam, which was designed and built by our collaborators at the Budker
Institute of Nuclear Physics, has excellent operational characteristics.  The equivalent beam
current is 4 A and the beam current density at focus is 0.4 A/cm2 with a smooth current density
profile.  Beam energy and current are very stable for the entire 3 ms beam pulse.  The high beam
current and current density are crucial for MSE measurements as they result in sufficient beam
emission to overcome Poisson statistical noise.

Figure 2 shows a typical measured Stark spectrum from MST.  All nine Stark
components are fit to account for incomplete rejection of the perpendicularly polarized σ
components.  Each of the individual components is fit as a Gaussian-broadened line with the
relative amplitudes of the components fixed.  A set of MSE data for central |B| on MST is shown
is Fig. 3.  The central axial |B| provides a strong constraint for equilibrium reconstruction and is
important for differentiating between standard and improved confinement discharges.  Note the
deviation from the linear fit for the measurement below 0.2 T in Fig. 3.  This may reflect actual
behavior of the plasma, or may be due to the fact that the fine structure of the Balmer-α
transition is no longer negligible at these low motional electric fields.  One of our remaining
analysis needs is to calculate the effect of fine structure on the Stark spectrum at low fields.
Another analysis question arises from a small asymmetry we record in the amplitude of the π+
and π- manifolds.  These amplitudes are definitely not equal, as predicted by a simple calculation
of the Stark spectrum.4  Speculation is that some part of the beam-plasma excitation process
causes this asymmetry, but the definitive answer is not yet known.

conducting shell

Bφ  small & reversed at edge

Bφ
Bθ

  B 



Fig. 2.  A typical motional Stark spectrum from MST.

Fig. 3.  Measurements of central |B| for standard and improved confinement MST discharges.

The next step for MSE measurements on MST is the addition of time resolution.  Much
of the data taken to this point simply integrated the Stark spectrum over the 3 ms beam pulse.
However, this integration misses features of the magnetic equilibrium that can evolve on a 100
µs timescale.  To capture these features we are implementing the experimental setup shown in
Fig. 4.  The same central volume of beam emission will be viewed as previously, but instead of
just one light collection chord, we will now have seven individual chords.  The view through each
chord is controlled by an individual ferroelectric liquid crystal (FLC) shutter5 capable of an
effective exposure time of < 100 µs.  FLC shutters effectively polarize the collected light,
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eliminating the need for a separate polarizer.  These shutters will be fired in sequence during the
3 ms beam pulse, effectively exposing each horizontal strip of the spectrometer CCD in
sequence.  Thus we will capture seven individual Stark spectra for analysis of |B| at specific
timepoints in the evolution of the magnetic equilibrium.  This new capability is made possible by
recent acquisition of a CCD camera with very low read noise and flexible hardware binning.

Fig. 4.  Setup for time-resolved MSE measurements on MST.

We acknowledge contributions to this work from the entire MST research group, particularly B.
Chapman, C. Forest, S. Prager, and J. Sarff.  This research is funded by the U. S. Department of
Energy
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Determination of the line emission locations in the LHD on the basis of the Zeeman effect

M. Goto and S. Morita
National Institute for Fusion Science, Toki 509-5292, Japan

Neutral helium HeI l728.1 nm (21P 31S) and l667.8 nm (21P 31D) emission lines have been observed
with an array of optical fibers which covers the entire poloidal cross section of the plasma. The Zeeman profile
yields a magnetic field strength, and the locations of the emission regions are identified on the well established
map of the magnetic field of the plasma. It is found that the emission region forms a closed zone just outside the
region, so called, the ‘ergodic layer’ where the magnetic field line structure is chaotic. A collisional-radiative
model calculation for an inward atom flux suggests a peaked emission profile of about 3.5 cm in FWHM, and
this is consistent with the experimental result. The inward atom flux is found to decay before reaching the last
closed flux surface and this implies a screening effect of the ergodic layer.

I. 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 pur-
pose of studying, e.g., the H-mode[1, 2] and the formation
of density profiles[3]. In this regard, the emission line inten-
sity is the only source of information. In conventional spec-
troscopy, we measure the intensity of an emission line which
is integrated over the line of sight. When we can assume,
say, cylindrical symmetry, we can convert the measured chord
dependence of the emission line intensities to the radial distri-
bution of the intensity. Even in the case that we can assume
cylindrical symmetry for the plasma, however, this may not be
the case for the neutral atom influx, because the distribution
of the neutral atoms depends on the structure of the plasma
vessel and on the operation of the plasma. For plasmas with a
large non-circular shape like divertor-configuration tokamaks
and helical devices, the cylindrical symmetry is not valid even
for the plasma. We thus seek to develop a method to determine
the local intensities from the line integrated emission intensity.
One candidate for such a method is to use the Zeeman splitting
of spectral lines. A work in this direction tried in the Alcator
C-Mod tokamak device has been reported recently[4, 5]. In
the following we report our attempt on a helical device.

II. EXPERIMENT AND ANALYSIS

The Large Helical Device (LHD) is a heliotron type de-
vice of a double null divertor configuration[6]. The major and
averaged minor radii are 3.5–3.9 m and 0.54–0.64 m, respec-
tively. Because of the absence of inductive current, the mag-
netic field is determined accurately by coil currents. The max-
imum magnetic field strength on the magnetic axis Bax could
be as high as 3 T. The field structure is saddle-shaped and
the field strength near the helical coils is twice or more higher
than the lowest field near the X points (see Fig. 1). In the con-
finement region the field lines form closed magnetic surfaces
and the outermost surface is called the last closed flux surface
(LCFS). Outside the LCFS both ends of the field lines are con-
nected to the divertor plates and generally the length of the
field lines are only several meters. In a region having a thick-
ness of several centimeters just outside the LCFS the magnetic

field has a chaotic structure and the field line through the layer
often has a length of several kilometers[7, 8]. This region is
called the ‘ergodic layer’. As a result, in this layer there forms
a plasma, the parameters of which are high enough to ionize
neutral atoms (see Fig. 8 later). Once the atoms are ionized,
they are trapped by the magnetic field and guided to the diver-
tor plates unless they are diffused or become neutral again by
charge exchange processes. Thus this layer reduces the fuel-
ing efficiency[9] by preventing neutral atoms from penetrating
into the core region.

Emission from the LHD plasma was observed with a set of
parallel optical fibers, the lines of sight of which cover the en-
tire cross section of the plasma which is elongated in the major
radial direction as shown in Fig. 1. Each line of sight is col-
limated by a lens to have a cylindrical shape of about 30 mm
diameter. Optical fibers of 5 m length guide the collected UV
and visible light to a 1.33 m Czerny-Turner-type spectrometer
(McPherson Model 209) having a 1800 grooves/mm grating.
The end surfaces of the fibers are aligned along the entrance
slit of the spectrometer such that chord-resolved spectra are
recorded on a CCD detector.

The measurement was carried out for a 20 s stationary
phase of a helium discharge heated by a neutral beam injec-
tion (NBI) of 25 s pulse duration. The nominal field strength
Bax and the radius of the magnetic axis Rax of the discharge
were 2.75 T and 3.6 m, respectively. The actual field strength
at the plasma center in this cross section was 2.67 T. The NBI
power was 1.2 MW. The gas-fueling rate was controlled so as
to keep the line-averaged electron density ne constant. In the
stationary phase ne and the electron temperature at the plasma
center were 3 1019 m 3 and 2 keV, respectively.

Figure 2 shows an example of the observed profiles of the
HeI l 728.1 nm (21P 31S) line obtained on the viewing
chord (a) in Fig. 1. Though this line is subjected to the nor-
mal Zeeman effect since the transition is between the singlet
terms, the observed profile shows a rather complicated struc-
ture. This profile can be understood as the superimposed two
Zeeman profiles which originate from the different locations
on the same viewing chord and are relatively shifted.

In the normal Zeeman effect the unit of the energy level
shift DE is expressed as[10]

DE mBB (1)

where mB and B are the Bohr magneton and the magnetic
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FIG. 1: The map of the magnetic surfaces and field strength for the configuration of Rax 3 6 m and Bax 2 75 T. The R- and Z-axes indicate
the major radial direction and the direction perpendicular to the equatorial plane, respectively. Viewing chords are shown with the arrows. The
circles and the triangles indicate the location of l728.1 nm line emission and their size indicates the intensity of the emission. The meanings
of the details of the symbols are explained in the text. The crosses are for l667.8 nm.
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FIG. 2: Emission line profile of HeI l728.1 nm (21P 31S) observed
with the viewing chord (a) in Fig. 1. The solid line is the result of
the least-squares fitting with two sets of Zeeman profiles plus a broad
Gaussian profile.

field strength, respectively. The wavelength shift of the s -
component relative to the unshifted p-component, Dl , is then
given as

Dl
hc
E0

DE
E0 DE

1
ns

l0
DE
E0

(2)

where l0 and E0 are the wavelength and the transition en-
ergy of the central p-component, respectively, and h, c and
ns ( 1) are the Planck’s constant, the speed of light and
the refractive index of air, respectively. Since the viewing

chord is almost perpendicular to the direction of the magnetic
field, each Zeeman profile consists of one p-component and
two half-amplitude s -components which are symmetrically
shifted from the p-component. The total angular momentum
quantum number of the upper level is 0, so that the possibility
of gross polarization, or a difference in the intensities of the
p- and s -components, is absent. This fact is favorable in re-
ducing the uncertainty in fitting the line profile. Under these
constraints we perform a least-squares fitting for the observed
profile in Fig. 2 with two sets of Zeeman profiles plus a broad
Gaussian profile. Each profile has the independent amplitude,
width and center wavelength. The result is shown in Fig. 2
with the solid line. In this case, the broad Gaussian compo-
nent has the FWHM (Doppler temperature) of 0.12 nm (19
eV) and is about 24 % of the total intensity. The derived field
strength values from the sharp Zeeman profiles are B 1 99
T and 1.51 T. The uncertainties are less than 0.01 T. The rela-
tive shift is 5 0 10 3 nm. The variation of the field strength
along the viewing chord is shown in Fig. II. Here, the above
derived field strength values are indicated with the horizontal
dashed lines. Each of the values has two candidates for the
spatial location. Candidates R 2 46 m for B 1 51 T and
R 4 33 m for B 1 99 T are discarded because the former
position is too far from the plasma boundary and the latter is
deep inside the main plasma (see Fig. 1). We thus conclude
R 4 70 m for the former and R 2 85 m for the latter. The
result of this identification is shown in Fig. 1 with the open
circles. In a similar analysis for all the viewing chords we
reach a unique identification of the positions in most cases as
given in Fig. 1. However, there remains ambiguity for several
viewing chords, which are indicated in Fig. 1 with the filled
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FIG. 3: Variation of magnetic field strength along the viewing chord
(a) in Fig. 1. The field strengths derived from the line profile for
this viewing chord are shown with the horizontal dashed lines. The
identified radial positions are shown with the vertical solid lines with
arrows.

triangles; the two magnetic field values are too close. The
filled circles indicate the derived field strength values with the
uncertainty of about 0.05 T, which is due to the weak signals
or the blending of impurity lines. The size of the symbol is
proportional to the signal intensity; it is seen that very intense
emissions are observed near the inner X point.

A spatial extent of the emission region could make the s -
components broader than the p-component. This broadening
is, however, found smaller than 1 10 3 nm, or 0.05 T in
most cases; this change of the magnetic field corresponds to
about 5 cm around the X points, for example. An exception is
the chord (b) in Fig. 1, which is nearly tangential to the outer
boundary of the ergodic layer. The line profile for this chord is
shown in Fig. 4. In this case the profile is fitted with five sets
of Zeeman profiles, each of which has the independent am-
plitude, width and center wavelength, with the field strength
values from 1.4 T to 3.1 T. See Fig. 1 for the result.

In most cases a broad Gaussian component is necessary in
the fitting. The temperature and the fraction of the total in-
tensity of this component are in the range of 13–20 eV and
24–33 %, respectively. The source of this component is not
positively identified but is supposed to be due to charge ex-
change collisions or the recombining plasma component (see
eq. (4) later). It is noted that the temperature of helium ions,
which is derived from the Doppler broadening of the l 468.6
nm (n 3 4) line, is found to have similar values.

Though the l 728.1 nm line cannot have gross polarization,
some observed profiles exhibit apparent polarization. An ex-
ample is shown in Fig. 5; this is obtained with the viewing
chord (c) in Fig. 1 and the p-component is much stronger than
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FIG. 4: Similar to Fig. 2 but with the viewing chord (b) in Fig. 1.
The profile is fitted with five sets of the Zeeman profiles.
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FIG. 5: Similar to Fig. 2 but with the viewing chord (c) in Fig. 1.

expected. This cannot be explained as due to an oblique view-
ing angle with respect to the direction normal to the magnetic
field. If this were the case the apparent polarization would
be opposite. The inner components of the profile correspond
to the field strength of about 1.5 T, and reasonable locations
cannot be found on this line of sight; the location of this field
strength falls outside the vacuum vessel or far away from the
plasma boundary. Rather, this component is identified as light
reflected by the wall surface. For specular reflection the in-
cident angle to the wall surface is larger than 65 degree so
that the reflection efficiencies are expected to be different for
the two polarized components; suggesting a higher efficiency
for the s-polarized component than for the p-polarized com-
ponent. The anomaly of the intensity ratio could be explained
by this, but the complicated plasma vessel geometry prevents
us from identifying the source of the reflected light.

We conducted similar measurements with the HeI l 667.8
nm (21P 31D) line. The description is almost the same as for
the l 728.1 nm line. We did not detect any gross polarization
except for the reflected light. The result is shown in Fig. 1
with the crosses. The emission locations of these two lines
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FIG. 6: The chord dependence of the apparent relative speed of the
two components of atoms which is derived from the Doppler shift of
the observed emission line.

almost coincide each other. The slight differences would be
due mainly to the slightly different conditions of the plasma.

Figure 6 shows the relative speed of the atoms which is
obtained from the two Zeeman profiles like those in Fig. 2.
The emission at the smaller major radius always shifts to the
shorter wavelength with respect to that at the larger major ra-
dius. Unfortunately, we could not determine the absolute shift.
This figure, especially the points in Z 0, suggests that the
atoms have an inward motion with speeds of 1–2 103 m/s.

III. DISCUSSION

Figure 1 indicates that the regions of intense line emission
form a closed zone, which almost coincides with the outer
boundary of the ergodic layer, except for the “dent” at around
Z 0 05 m, R 2 8 m. We do not have any explanation for
this at present. As mentioned above the spatial extent of the
emission region is narrower than or about 5 cm. We consider
the emission intensity and the decay of the atom density in
the inward atom flux by a one dimensional model. The atom
density nHe at the penetration depth in the x direction is ex-
pressed as

nHe n0 exp
neSCR

v
dx (3)

where SCR and v are the effective ionization rate coefficient
and the penetration velocity of the atoms, respectively, and n0
is the atom density at the edge. The ionization flux and the
emission intensity for the l 728.1 nm line, taken as an exam-
ple, are expressed as SCRnenHe and e728 1nenHe, respectively:
both the quantities are defined as the number of events, ioniza-
tion or photon emission, per unit volume and unit time. e728 1
is called the emission rate coefficient for the l 728.1 nm line.

SCR and e728 1 are calculated from the collisional-radiative
(CR) model[11, 12]. According to the CR model in which
the quasi-steady-state approximation is assumed even for the
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FIG. 7: The ne and Te dependences of the ratio SCR e728 1 calculated
with the CR model under the assumption that the quasi-steady-state
approximation is valid.

metastable levels, 21S and 23S, the population density of ex-
cited level p is expressed as

n p R0 p nen
He

R1 p nenHe (4)

where R0 p and R1 p are the population coefficients of the
recombining and ionizing plasma component, respectively,
and are functions of ne and Te, and n

He
is the helium ion

density. It may be assumed that, in the plasma peripheral re-
gion, the second term predominates over the first, at least for
the sharp components of the observed profiles. In this case
SCR and e728 1 are defined as

Â
all p

S p nen p S 1 Â
all p 1

S p R1 p ne nenHe

SCRnenHe (5)

and

n 31S A 31S 21P R1 31S nenHeA 31S 21P

e728 1nenHe (6)

respectively. Here, S p is the ionization rate coefficient of
level p and A 31S 21P is the spontaneous transition prob-
ability from 31S to 21P. The level “1” stands for the ground
state. Figure 7 shows the ne dependence of the ratio SCR e728 1
for several Te values. It is seen that the value is rather insensi-
tive to ne and Te. This means that the emission intensity could
be a good measure of the ionization flux in the range of ne and
Te shown in this figure.

By using eq. (5) for SCR we evaluate eq. (3) numerically for
positions near the outer X point on the chord (a) in Fig. 1. For
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exponentially from the measured values with Thomson scattering for
a similar discharge.

ne and Te profiles the Thomson scattering data for a similar
discharge of the same configuration are extrapolated with an
exponential decay, as shown in Fig. 8. The apparent atom
temperature is lower than 0.1 eV which is the lower detection
limit of the Doppler broadening. We assume a mono-energetic
penetration velocity with the thermal velocity of 300 K (v
1 4 103 m/s). So far n0 has not been determined yet. At the
same time we calculate e728 1 from eq. (6) and integrate the
emission intensity over the penetration path

I728 1 e728 1nenHedx (7)

From the observed value of I728 1 (Fig. 2) we determine n0 to
be 2 7 1018 m 3. The result is shown in Fig. 8. The spatial
dependences of e728 1nenHe and SCRnenHe are also shown in
the same figure. Both the profiles have similar peaked shapes
of about 3.5 cm in FWHM. This width of the emission in-
tensity profile is consistent with the experimental result which
suggests that the extent of the emission region is narrower than
or about 5 cm. The radial location of the emission is also
in good agreement with the experiment. The atom density is
found to decay in the region of the strong emission intensity
before reaching the LCFS, which is located at R 4 5 m.

We have assumed the quasi-steady-state approximation for
the metastable levels. The relaxation time of the 23S level as
determined from the ionization rate is 5 10 6 s for ne 1018

m 3 and Te 10 eV. During this time the atoms travel over
0.7 cm, short enough as compared with the scale length of the
plasma.

If the penetration velocity were twice the above assump-
tion, the peaks of the emission intensity and the ionization
flux would shift by 1 cm to the inward direction and become
broader by 10 %. Since the atom density n0 normalized from
eq. (7) decreases by 40 %, the inward particle flux nHev and
the total ionization flux SCRnenHedx increase by 20 %. This
is caused by the ne and Te dependences of the ratio SCR e728 1.

Since the neutral atom densities in the light-emitting region
and in the outer region are appreciable, the opacity effects
may not be neglected; we consider the effect of absorption
of the resonance line, HeI l 58.4 nm (11S 21P). Since the
magnetic field strength varies over space, the s -components
would be optically thin throughout, and only the p-component
may have a significant optical thickness. On the assumption
of the thermal Doppler broadening with temperature of 300 K,
the absorption coefficient at the line center is about 30 m 1. In
the light-emitting region of several centimeters thickness (Fig.
8), the line is barely optically thick, and effective reduction of
the transition probability may be expressed in terms of the es-
cape factor; the transition probability is reduced by a factor of
2[11]. If we average the effect on the p-component with the
s -components, the effect of opacity on the transition probabil-
ity ( 1 2 1 1 3) and thus on the excited-level populations
(except perhaps for the 21P population) would be minimal.
The helium gas in the outer region may be illuminated by the
resonance line from the light-emitting region, again only by
the p-component, and the 21P atoms may be produced there.
However, electron temperature and density there are low (see
Fig. 8), and further excitation may be minimal, again.

We observed other neutral helium lines; the wavelength of
the l 501.6 nm (21S 31P) line is rather short and the Zeeman
splitting is found too small for a similar analysis. For triplet
lines the fine structure levels of the 23PJ , for example, have the
intrinsic energy level separation of J 2 to J 0, 1 of about
1 cm 1 and this is of the same order as the Zeeman shifts for
these levels under the field strength of the present experiment;
mBB 1 cm 1 for B 2 T. This makes the profiles of the
l 706.5 nm (23P 33S) and the l 587.6 nm (23P 33D) lines
complicated and a similar analysis is difficult. For the other
triplet line l 388.9 nm (23S 33P) the wavelength is too short.
Even for the second order light of the l 388.9 nm line the
splitting is found small; substituting eq. (1) and E0 hcns l0
(ns 1) into eq. (2) we obtain a relation

Dl l 2
0

mBB

hc
(8)

and it is found that Dl is proportional to l 2
0 . This means the

Zeeman splitting for the second order light of the l 388.9 nm
line is about 1/2 of that for the first order light for the l 728.1
nm line.

Welch et al. observed a wavelength shift of the Zeeman split
Balmer-a line of deuterium atoms in Alcator C-Mod[5]. They
identified the Doppler shifts to the different neutral atom flows
along the magnetic field lines at the two locations. The LHD
has a magnetic field structure different from the tokamaks and
has a rather thick ergodic layer outside the LCFS. We may
thus conclude that, in our case, the atoms have inward motion
with the thermal speed of 1–2 103 m/s. The relative speeds



in Fig. 6 on the chords 0 4 m Z 0 5 m do not fit in this pic-
ture; i.e., they appear too large when compared with those in
Z 0 4 m. This is probably due to a structure of atom flows
which is caused by the complicated geometry of the plasma
vessel.

Finally, similar measurement on the Balmer-a line of hy-
drogen was also attempted and we encountered difficulties in
fitting of the observed profile. The reasons are: (1) The wave-

length l 656.3 nm is shorter than the l 728.1 nm, and the Zee-
man splitting is smaller. The reciprocal dispersion of the spec-
trometer is larger by a factor 1.08. (2) The Doppler broaden-
ing of the emission lines is larger: Hydrogen atoms have a
higher temperature ( 0 6 eV) than helium atoms ( 0 1 eV)
and the Doppler width becomes larger than the Zeeman split-
ting. This is possibly due to the hydrogen atoms produced
from the dissociation of molecules.
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Abstract
Polarization of impurity ion emission lines shows us information of the electric fields,
strong magnetic fields, and/or angular anisotropy of the plasma.  We have started
measurements of plasma polarization of impurity ion emissions in the tandem mirror
GAMMA 10 plasma in the UV/V wavelength region.  We plan to measure polarization
spectra in the VUV wavelength region by using calibrated VUV spectrograph.  The small
polarization was observed in the UV/V wavelength range.

1.  Introduction
Polarization of impurity ion emission lines from the GAMMA 10 tandem mirror

plasma has been observed [1].  Polarization is a result of angular anisotropy of the
ensemble of the ions, and that of the plasma.  We used a calcite plate as a polarizer and two
columns of optical fiber bundle in the UV/V spectrograph.  New polarization spectrograph
will be used in VUV wavelength region [2].  We show some results of polarization
spectroscopy in the UV/V wavelength region and new plan to observe the polarization
spectrum in the VUV wavelength region.

2.  Tandem mirror GAMMA 10 device

GAMMA 10 is a 27m long tandem mirror consisting of a 5.6 m long
axisymmetric central cell, anchor cells for suppressing MHD instability and axisymmetric
end mirrors forming the plug/barrier potentials [2,3].  Plasma in the central cell are
produced and heated by ICRH with hydrogen gas puffing and the plug potentials are
produced by ECRH.  One of the main characters of the tandem mirror is that confinement
is achieved by not only magnetic field but also electric field.  The typical plasma
parameters in the central cell are as follows; the electron density is 2 x 1012 cm-3, electron
temperature is 80 eV and the ion temperature is 5 keV.  The plasma duration is 0.2 sec and
the duration of potential formation is reached to 0.1 sec.  We set the UV/V spectrographs at
the central cell and anchor cell.  The SX or VUV spectrograph is set at the central cell.

3.  Polarization spectroscopy system in GAMMA 10

Polarization spectroscopy system in UV/V wavelength region is shown in Fig. 1
[1].  We used calcite plate for polarizer and two columns of optical fiber bundle for
dividing P and S lights.  Figure 2 is the arrangements of the face of the optical fibers on the
entrance and exit surfaces.  The exit surface is set on the entrance slit of 1 m Czerny-
Turner spectrometer.  The output spectral image is amplified by the image intensifier and
recorded by the CCD camera.  Time resolution of this spectrograph is 30 frames/sec with
10 ms shutter speed.

We plan to use aberration corrected concave grating VUV spectrograph for
polarization spectroscopy (Fig. 3) [2].  This spectrograph is absolutely calibrated at the
photon factory (PF) in the high energy accelerator research organization (KEK).  The light
from the plasma goes through the entrance slit and is diffracted by the aberration corrected
concave grating.  The diffracted light is detected by the MCP and phosphor plate.  The



spectral images are recorded by the high-speed camera.  Figure 4 shows the absolute
sensitivity against polarization of incident lights.  The vertical axis shows the wavelength
in Å and the horizontal axis shows absolute sensitivity.  Blue cross shows the S-polarized
light and red circle shows the P-polarized light.

4.  Plasma polarization spectroscopy in GAMMA 10

In the GAMMA 10 plasma, Carbon and Oxygen ions are mainly observed.  Main
radiated wavelength region is VUV region because of plasma temperature.  Figure 5 shows
typical output image of UV/V polarization spectrograph.  Upper side of the photograph
shows the π-light and lower side shows the σ-light.  In this image, OV and FeII ion lines
are observed.  Figure 6 shows time dependent polarization spectra in the core region of
line of sight in the central cell.  Polarization of FeII and OV ion line emissions were
observed.  The intensity ratio of π and σ light emissions is changed as the time.  We
decided the longitudinal alignment as following equation.

P = (Iπ – Iσ) / (Iπ + Iσ)     (1)
Figure 7 shows time evolutions of longitudinal alignment of the lines in the core region of
the plasma.  These show that the longitudinal alignments are randomly observed.

5.  Summary.

In GAMMA 10 tandem mirror, polarization spectroscopic measurements were
started.  UV/V polarization spectroscopic system has been constructed and a VUV
spectroscopic system for polarization measurement was indicated.  In UV/V polarization
spectroscopy, Iron and Oxygen ion emissions were slightly polarized in some cases.

References
[1]  T. Inoue, M. Nakai, A. Tanaka, K. Kawakami, A. Iwamae, T. Fujimoto, M.
Yoshikawa, T. Ito and T. Tamano, Plasma Phys. Control. Fusion 43 (2001) L9.
[2]  M. Yoshikawa, Y. Okamoto, E. Kawamori, C. Watabe, Y. Watanabe, T. Furukawa, K.
Ikeda, N. Yamaguchi, T. Tamano and K. Yatsu, Transaction of Fusion Technology, 39
(2001) 289.
[3]  T. Tamano, Phys. Plasmas., 2 (1995) 2321.



Figures:

Fig. 1  Polarization spectroscopy system in UV/V wavelength region.

Fig. 2  The  arrangements of the face of the optical fibers on the entrance and exit surfaces.

Fig. 3  Polarization spectroscopy system in the VUV wavelength region.
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Fig. 4  Absolute sensitivity of VUV spectrograph.

Fig. 5  Typical polarization spectroscopic image of UV/V spectrograph.

Fig. 6  Time evolution of polarization spectra in the UV/V wavelength range.
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Fig. 7  Time and space dependences of longitudinal alignment.



Plasma Polarization Spectroscopy on an Optical-Field-Ionization Plasma
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Abstract Helium gas target was irradiated by a linearly polarized ultra-short pulse of
Ti:Sapphire laser light with duration of 50fs and energy of 150 mJ.  We changed the direction
of the polarization of the incident laser light and observed the emission of the Lyman series
lines and continuum from the plasma in the recombining phase.

I.  INTRODUCTION

     Recent advent of ultra-short-pulse lasers makes it possible to generate highly charged ions
ionized by the high laser electric field; this mechanism is called the optical field ionization
(OFI).  [1-4]  Characterization of the plasmas thus produced, especially that of the electron
velocity distribution, is essential for the purpose of developing a novel x-ray source such as x-
ray lasers.  Therefore, clarification of the electron velocity distribution is an important objective
of plasma polarization spectroscopy (PPS).  In the high laser field, an electron in an atom is
quivered by the periodic laser field and has a pondermotive potential energy.  With an increase
in the laser electric field strength, the pondermotive potential energy becomes comparable with
or even exceeds the ionization potential of the atom, and tunneling ionization occurs with a
substantial probability.  In the case that the laser light is linearly polarized, ionized electrons
would have velocities only in the direction of the laser field, so that the electron velocity
distribution would be strongly anisotropic.  The emission lines and continuum of ions in such a
plasma may be polarized.  It is known that OFI plasmas emit radiation in the recombining
plasma phase.  It is thus expected that, by observing the temporal change of the emission
polarization, we can investigate relaxation process of the anisotropic electron velocity
distribution due to electron-electron and electron-ion scattering.
     In th e following , we report on our preliminary experiment toward the polarization
measurement of the OFI plasma.

II.  PRELIMINARY EXPERIMENT

     A schematic diagram of our laser system is given in Fig. 1.  The seed light at wavelength of
800 nm with 20 fs duration and 80 MHz repetition rate is generated by a mode-locked
Ti:sapphire oscillator (Femto-source technology) pumped by a 5 W diode-pumped solid state
laser (Spectra Physics Millenia V).  The typical power of the seed light is 250 mW and the
spectral bandwidth is 40 nm (full-width at half maximum (FWHM)).  A four-path stretcher



based on a spherical mirror and a grating with 1200 grooves/mm (Richardson grating) generates
a chirp of 50 ps/nm.  Due to the limitation by the grating size, the spectral bandwidth after the
stretcher is 30 nm.  The regenerated amplifier is a 10 Hz Ti:sapphire laser pumped by a
Nd:YAG laser (B.M. Industries).  In order to reduce the ASE level and to achieve a high
contrast ratio, we have optical shutters just before and after the regenerative amplifier.  The
typical output energy and the spectral bandwidth of the regenerative amplifier is 1 mJ and 30
nm (FWHM), respectively.  The output laser pulse is further amplified by the two stage
amplifiers, a 4 path and a 3 path Ti:Sapphire amplifiers, both pumped by Nd:YAG lasers, and
the maximum output energy is 300 mJ/pulse.  A pulse compressor, which is placed in a vacuum
chamber, has an efficiency of about 60 % and provides an output laser pulse with maximum
energy of 180 mJ, diameter of 50 mm, and pulse duration of 50 fs.
     The laser pulse was steered by a plane mirror, went through a zero-order l/2 wave-plate (CVI
optics), and was focused by an off axis parabolic mirror with f number of 4.  The focus spot size
was measured to be about 50 µm-diameter (FWHM) with an imaging system having
magnification of 10.  The maximum irradiance was estimated to be 2×1017 W/cm2.  The target
gas was helium, which was injected into the focusing area by a pulse gas nozzle (General
Valve) having an output aperture size of 800µm.   This gas valve was synchronized with the
pumping YAG laser and was opened at 400 µs before the laser pulse and was closed at 600µs
after the pulse.  Backing pressure of the nozzle could be varied from 1 atm through 20 atm.  Gas
density was determined from the line density map taken with a Mach-Zehnder type
interferometer at wavelength of 633 nm for several backing pressures. [5]

oscillator

20 fs, 300 mW (80MHz)

4 path stretcher regenerative amplifier

4 path amplifier3 path amplifier
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grazing 
incidence 
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Fig.1  Schematic diagram of 3 TW TiS laser system and focusing system.



Figure 2 shows experimental set-up.  OFI plasma is observed using a grazing incidence:

     The emission from the plasma was observed by use of a grazing incidence spectrometer in
the direction of 90° with respect to the laser propagation direction.  It consisted of a concave
mirror with curvature of 3240mm (angle of incidence: 86°), a 200 µm-width entrance slit and an
uneven spacing flat-field grating with 1200 grooves/mm (HITACHI).  The grazing incidence
mirror and the grating may have different reflectivities or efficiencies for different polarization
directions.  Emission radiation was expected to be polarized in the direction parallel or
perpendicular to the laser propagation direction.  In order to compensate the differences, we
rotated the spectrometer by 45° around the observation axis.  We attempted to observe
temporally resolved spectra by using an x-ray streak camera.  We found, however, that our
streak camera had a too low sensitivity in the wavelength region of interest.  Instead we used a
CCD in the present experiment.  This was a back-illuminated CCD and we took time-integrated
spectra.

Gas nozzle

spherical 
mirror 

Flat-field 
grating

slit

45°

back illuminated 
CCD

polarization 
direction

laserpolarization 
direction

verticalhorizontal

Fig.2  Experimental set-up



    By rotating the zero-order λ/2 wave-
plate, the polarization direction of the
linearly polarized laser light was set to be
horizontal or vertical, and we compared
the spectra of the plasma emission
between the horizontal and vertical cases.
Since the recombination continuum
terminates on the 1s state, its polarization
characteristics are exactly the same as
those of the classical oscillator [6].
Figure 3 shows typical spectra for the
helium gas target.  The laser intensity was
5×1016 W/cm2, and gas density is
estimated to be 3×1018 cm -3.  The Lyman
series lines and continuum of hydrogen-
like helium ions are seen.  We took
similar spectra under the gas density of
4×1016 cm-3.  We derived the excited
level populations of the upper levels of
the hydrogen-like helium ions using the
corresponding transition probabilities,
where we took into account the
wavelength dependence of sensitivity of
our diffraction grating and that of our
CCD.  Figure 4 (a) and (b) shows the
Boltzmann plots of the excited level
populations for the gas density of 3×1018

cm-3 and 4×1016 cm-3, respectively.  In the
high gas density case (a), no significant

difference is seen between the two polarization cases, whereas in the low gas density case (b), a
slight difference appears in the slope of the population distribution.
     Here, we assume that the electron temperature (or average electron energy), Te, is 20 eV and
electron density, ne, is 2 times the gas density.  This leads to the electron-electron thermalization
rate, which is tee ~ Te

3/2/[(ne/1020)lnΛ] (Te and ne are in KeV and in m-3, respectively.), of order of
ps for the high gas density case and 100 ps for the low density case.  Since the transition
probabilities of Lyman series lines are 10 ~ 100ps, it would not be unreasonable that anisotropy
in the electron velocity distribution can be observed for the low density case even under the
time-integrated observation.  At the present preliminary stage, however, we cannot draw any
definite conclusion.  We plan to conduct a time-resolved observation in near future.
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Measurement of polarization of atomic helium lines due to strong caviton
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Abstract

When an intense relativistic electron beam (IREB) is injected into plasma, the strong
Langmuir turbulence is occurred.  We have been studied IREB-plasma interactions by
measuring a broadband high power microwave radiation and strong electric fields in cavitons.
We have constructed plasma polarization spectroscopy system in order to measure the
polarization of atomic helium lines due to strong caviton field in IREB-plasma system.

1. Introduction.

When an intense relativistic electron beam (IREB) is injected into plasma, the
strong Langmuir turbulence is occurred [1-3].  In the plasma, there are cavitons which have
dipole high frequency electric field.  Strong Langmuir turbulence is occurred when IREB is
injected to plasma.  In the strong Langmuir turbulence state, generation, collapse and burnout
of cavitons are repeated by nucleation process.  Here a caviton is a localized solitonlike
Langmuir wave packet with density depletion.  For such strong Langmuir turbulence state,
the dimensionless electrostatic wave energy density W = ε0<E2> / (2npTe) should be larger
than (k0λD)2.  Here np , Te are the plasma density and electron temperature, respectively, and
k0 is the resonance wave number ωp / vp, ωp is plasma frequency, vp is the beam velocity, and
λD is the Debye length.   The previous works show that W ~ 1.1 from spectroscopic
measurements of the high frequency electrostatic fields [1-3].  Then the plasma was in the
strong Langmuir turbulence state in our IREB-plasma system.  Moreover, the results form
measurements of beam dispersion of the IREB and polarization of microwave emission show
the cavitons electric field direction is parallel to IREB direction.  Then, main purpose of this
study is measurements of cavitons electric field direction by using polarization spectroscopy.

2. Experimental setup

Experimental setup is shown in Fig. 1 (a) [1].  The drift chamber, 60 cm long and
16 cm in diameter, was filled with 20 mTorr He gas for spectroscopy.  Carbon plasma was
generated by two rail-type plasma guns set opposite to each other at 10 cm downstream from
the anode foil.  The experiment was carried out changing the delay time of the beam injection
after the gun firing.  This delay time is denoted as τ.  The plasma density np was measured by
triple Langmuir probe and a microwave interferometer.  The measured plasma density is
shown in Fig. 2 as a function of τ.  The range of the plasma density for this experiment was
from 8 × 1011 ~ 1.3 × 1013 cm -3.  A modified Pulserad 110A was used to generate an IREB.
The diode used consisted of carbon cathode of 3.6 cm in diameter and a titanium foil anode
of 20 µm thick.  The typical wave forms of the diode voltage and the diode current are shown
in Fig. 1 (b).   The diode voltage is 1.4 MV and the diode current is 27 kA with 30 ns pulse
duration.

Polarization of line radiation from the atomic helium in the plasma was measured
by the newly constructed plasma polarization spectroscopic system (Fig. 3).  It consisted of



calcite plate as a polarizer, lenses, a slit, two channel of bundle fibers, a monochromator, a
prism and two PMTs.  Output of each PMT was led to an input terminal of 1 GSa / s
digitizing oscilloscopes.  We decided the Z-axis is parallel to the electric filed, parallel to it is
π-light, and perpendicular to it is σ-light.  Polarization of HeI forbidden emission of 663.2
nm will be observed.  We show the polarization parameter, P, as follows,

P = (Iπ – Iσ) / (Iπ + Iσ).     (1)
Here, Iπ and Iσ are the emission intensities of π-light and σ-light, respectively.  If polarization
of forbidden line is parallel to the electric field direction, P = 0.447.  We measured two
atomic helium line emissions, allowed line of 501.6 nm and forbidden line of 663.2 nm.

3.  Results of polarization spectroscopy

Figure 4 shows the dependence of HeI allowed line of 501.6 nm.  Figure 4 (a)
shows the allowed line output signals both π- and σ-lights.  The polarization of allowed line
is shown in Fig. 4 (b).  It shows that almost P = 0.0.  This shows that polarization is not
observed in the allowed line.  In Fig. 5 (a), τ dependence of forbidden line emission of 663.2
nm is shown with both π- and σ-lights.  This shows that forbidden line emission has some
dependence on τ that means plasma density.  Figure 5 (b) shows the polarization of forbidden
line against τ.  It seems that small polarization of forbidden line was observed, but there are
not clear dependence on τ.  However, there are very low signal to noise ratio in our
experiments.  Then we check our polarization value according to signal to noise ratio.   Even
for the fully polarized emission, i.e. P = 0.447, if the ratio of noise component to output
signal is equal to 1, observed polarization, P’, decreases to 0.22.  Then we have to increase
the ratio of signal to noise, by improving the optical collection system of the spectrometer
and reduction of electromagnetic noises.

4.  Summary

We have constructed plasma polarization spectroscopy system in order to measure
the polarization of atomic helium lines due to strong caviton field in IREB-plasma system.
There is plasma density dependence of forbidden line output of atomic helium.  Small
polarization of forbidden line was observed, but there were not clear dependence on τ,
because of low signal to noise ratio in these experiments.  We plan to improve the
spectroscopic system, reduction of noises and collection of large output signals, etc.
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Fig. 2:  Plasma density against τ.
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Fig. 4:  (a) shows the allowed line output against τ and (b) shows polarization.
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Fig. 5:  (a) shows the forbidden line output against t and (b) shows polarization.
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Abstract

Nonideal plasmas present interesting open problems in plasma physics.
One of them has to do with the breakdown of the Debye scaling at high
plasma densities.  The Debye length underestimates the screening distance
of the Coulomb potential due to free charges in the plasma to the extent
that it becomes shorter than the inter-particle distance.  Well-characterized
dense plasmas are needed for critical examination of the breakdown and
its remedies.  We have investigated neutral confinement of laser produced
plasmas to attain such nonideal plasmas.  The confinement concept works
but at neutral argon densities in excess of 20 atm at room temperature it
precipitates interfacial instability for the expanding plasma plume.  By
means of two newly devised plasma diagnostic methods, we have
uncovered the growth of the luminous interface and established its
Rayleigh-Taylor nature.  In order to elucidate further the microscopic
processes of the instability, we have examined the feasibility of
visualizing the local electric field by means of plasma polarization
spectroscopy.   We report on a preliminary study by polarization
spectroscopy of charge separation in laser-produced plasma plumes, which
are confined by low-density neutral argon.

1. The Context

High-density plasmas are of great interest from the standpoints of inertial
confinement fusion, stellar dynamics and reaction processes involving energetic
materials.  The Coulomb potential energy for a charged particle pair becomes no longer
negligible compared with the thermal kinetic energy of a single particle.  The equation of
state must include the nonideality contributions and the transport properties similarly
corrected for.  First-principle understanding of these plasma properties is essential in
formulating the optimal strategies for utilization of such dense plasmas, on the one hand,
and in making realistic assessment of the structure and dynamics of given plasmas, on the
other.  The fundamental theoretical framework is in a state of flux, however, because the
basic measure of Debye shielding is no longer accurately given by the Debye length.  At
densities where the nonideality corrections are no longer negligible, the Debye length
becomes shorter than the mean spacing between nearest-neighbor particles in the plasma,
as shown in Fig. 1, negating the basis of the analysis.  The question is how to bridge the



transition from the states of ideal plasmas to those of weakly, and then strongly, nonideal
states.  The existing formalism developed for ideal plasmas must be replaced by new
formulation.  One of the major obstacles to this undertaking had been the scarcity of well-
characterized nonideal plasmas.  Another obstacle was the lack of clear delineation of the
relative importance of the consequences from the breakdown of the Debye length scaling.

We have devoted a considerable length of time to make headway into overcoming
the above two major obstacles.  The efforts have resulted in a significant program on
weakly nonideal laser-produced plasmas (LPP) from metallic targets, including alloys.
Specifically, the focus of our program has been on the basic effects of the plasma
nonideality on the ionization potential lowering, plasma self-absorption, laser-plasma
interaction and plasma diagnostics.  The temperature and number density of the plasma,
comprised of multiply ionized species, ranged up to 60 eV and 1021 cm-3, respectively.
Confinement of the LPP plume by inert gas at densities up to 50 times the standard
density helped increase the plasma density but precipitated Rayleigh-Taylor interfacial
instability. This has presented us with two opportunities for plasma diagnostics: weak
nonideality of the LPP plumes,[1,2] as intended, and the loss of plasma symmetry that
was unintended.[3,4]  We have subsequently developed two new diagnostic methods,
based entirely on plasma's continuum luminosity.  The time-resolved 3-D profile of
plasma density and temperature is reconstructed from the 2-D luminosity profiles at
selected times by incorporating full equilibrium plasma calculations and imposing
independently measured plasma energy and mass, plasma self-absorption and laser
energy scaling as constraints.[1]  The second method provides the algorithm for
reconstruction of Rayleigh-Taylor unstable plasmas resulting in irregular shape.[3]  In
section 2 we present a review of the two new plasma diagnostic methods.

Figure 1. Inter-particle distance and Debye radius in aluminum plasmas as functions
of electron density at different temperatures. The Debye radius is calculated for
aluminum plasmas at 1, 10 and 100 eV. The Debye radius in hydrogen plasma at a
temperature of 10 eV is also shown for comparison.



2. Nonideal Plasmas and their 3-D Plasma Structure Reconstruction

Our LPP research program has been focused on developing experimental tests of
new theories of plasma transport properties and atomic structures appropriate for the
plasma density regime where the nonideali ty of the equation of state becomes significant.
The formulation of Coulomb screening breaks down in that the Debye shielding length
becomes shorter than the mean inter-particle distance.  New estimates for the screening
length[2,5,6] need to be examined in order to facilit ate accurate calculation of the
lowering of ionization potentials and the equation of state, both necessary for equili brium
plasma calculations.  Plasma absorption is substantially affected, as we have
discovered,[2,7] and this plays out in the evolution of LPP plume.  Delineation of the
consequences is necessarily circuitous due to the fact that many competing processes
within the plasma are manifested in plasma diagnostics.

We have waged a two-pronged attack in the pursuit of weakly nonideal LPP
plumes.  On the one hand, a comprehensive diagnostic method is developed for time-
resolved reconstruction of 3-D plasma profiles in terms of specific continuum emission
intensity for stable LPP plumes in a vacuum.  On the other, the nonideali ty effects are
purposely accentuated by confining the LPP plumes by means of a dense neutral gas
blanket.

A.  Weakly nonideal LPP plumes in a vacuum

The early-time spectral emissions from weakly non-ideal LPP plumes are
essentially a continuum, consisting of bremsstrahlung radiation and severely Stark-
broadened line emissions.[8-10]   Our plasma diagnostic method is novel in that the LPP
plume is imaged entirely with the continuum plasma emissions.   Due to the presence of
significant self-absorption, the analysis leading to the plasma's density and temperature as
function of space and time is carried out in close coupling to plasma equili brium
calculations.  We start from the scaling relations relating the specific continuum intensity
I at a point within the LPP plume to the local temperature T and pressure p: T =  ST I

�
and p = SP I 

( �  + 
�
).  The LPP plume is completely specified once the specific continuum

intensity is found together with the scaling exponents �  and �  and the scaling constants
ST and Sp .   The observable side-view plasma luminosity profile arises from a line-of-
sight integration of the specific continuum intensity profile across a cross-sectional plane
of the plume [see Fig. 2a], and as such, must be inverted in order to reconstruct the 2-D
specific continuum intensity profile.  At the same time, the inversion requires the local
plasma absorption coeff icient, which is derived from specific plasma continuum intensity
through the scaling relations.

The program of continuum-based plasma diagnostics has consisted of measuring
the side-view plasma luminosity profiles as function of time; these are in the form of
streak photographs taken at different distances from the target surface [see Fig. 2b].  The
attenuation by the plasma plume of laser beams, at its fundamental and second harmonic
frequencies, is measured as function of time by using a pinhole at the center of the
aluminum target.  The total mass contained in each LPP plume is determined from



measuring the mass lost by the target by each laser ablation.  The total energy deposited
into the plume is determined by subtracting the energy expended in evaporation of the
mass and the energy lost by reflection by the plume, target and the optical elements.
Finally, the entire measurement is repeated at four different laser pulse energies.  These
measurements are used as constraint conditions, which the inversion process must satisfy.

The basic steps of the process are shown in Fig. 3.  The two scaling constants and
two scaling exponents are first selected.  The inversion of the detected luminosity L(y, z)
into the specific continuum intensity I(r, z, t), emanating from a differential plasma
volume element, then proceeds for one cross-sectional slice at a time at distance z from

the target surface at time t of the LPP plume.   For a LPP plume produced in a vacuum, it
is axially symmetric but the plasma medium is optically thick and the measured
luminosity is complicated by self-absorption of the plasma emissions on the way out of
the plasma.  We have thus developed a modified Abel inversion algorithm to properly

Figure 3.  Modified Abel inversion
algorithm that includes the effect of self-
absorption on the line-of-sight
integration of the specific plasma
continuum intensity.  The cross-sectional
slice of A selected cross-sectional slice
of the LPP plume is divided into N
equal-width shells, and the specific
continuum intensity Ii is integrated along
the line of sight for i = N to i = 1.  Self-
absorption is included, assuming that the
plasma absorption coefficient is constant
within a given shell.  The absorption
coefficient kN is calculated according to
the plasma temperature and density of
the shell by solving the full set of 13
Saha equations.  The intensity and
plasma properties are found iteratively
using the relationship shown in the
figure.

(a)         (b)

Figure 2.  (a) Schematic diagram of the arrangement for streak measurement of a side-view
luminosity profile at distance z from the target surface.  (b) Luminosity profile at 0.5 mm from
the aluminum target surface as function of time when the laser pulse energy is 2.3 J.



correct for the effect of self-absorption. The plasma temperature and density and the
specific continuum intensity from each differential plasma volume element are found self
consistently by iteration.  The energy loss from each volume element by radiation and
thermal conduction is included.  The inversion proceeds from the outermost shell toward
the inner shells.

The basic equations used in the algorithm are assembled in Fig. 4 with
descriptions of the optimization process.  The inversion calculation is continued to
successive time intervals for the entire lifetime of each LPP plume.  In the end, we have
on hand a full set of calculated plasma mass, plasma energy, transmitted intensities of the
probing laser beams at two wavelengths, all as a function of time. The results are
compared with the corresponding measurements.  The search for the optimal values of
the scaling constants and scaling exponents takes place in a hierarchical manner - namely,
coarse-grained searches followed by fine-grained searches.  The final values for the

¥¥ Saha equations for aluminum

¥¥ Debye length  Screening length

¥¥ Lowering of ionization potentials

¥¥ Plasma absorption coefficient

Figure 4.  Basic equations used in the
equilibrium plasma calculation.
Altogether 13 stages of ionization of
aluminum atom are included for a
given set of plasma pressure and
temperature values.  The Saha
equations are parameterized using the
electron pressure pe as floating
parameter and solved iteratively for
the degrees of ionization αi.  Qi

denotes the electronic partition
function of ith ion.   The cutoff of the
sum over states is found by
calculating the lowering of ionization
potential according to the Debye
model, while any impending
breakdown of Debye length ρD due to
nonideality in the plasma is checked
for against the screening radius rs.
The self -absorption coefficient k  is
calculated to obtain the luminosity
over the detector's spectral response
and to track the energy loss by
radiation as function of frequency ω.
γ is Spitzer's correction factor.[11,12]
ν, Z, k and T are the collision
frequency, ion charge number,
Boltzmann constant and the plasma
temperature, respectively.  Γ is the
nonideality parameter given by the
ratio of mean Coulomb energy at
mean interparticle distance to kB T
and Λ the Coulomb length.



scaling exponents and scaling constants, which are globally applicable to the entire
system of data are: �  = 0.45± 0.03, �  = 1.0± 0.03, ST = 0.190± 0.003 and Sp = 340± 5.
The resulting optimization shows evidence for significant modifications to the plasma
absorption coefficient through revisions to the colli sion frequency, whereas only modest
corrections to the Debye model of ionization potential lowering are indicated thus
far.[2,7]

B.   Interfacial instabili ty in neutral gas confinement of dense LPP plumes

In an attempt to gain even higher plasma density, another study of neutral gas
confinement of the LPP plume had been undertaken.  The confinement was noticeably
effective at modest gas pressures of helium or argon.  When the pressure was raised
beyond about ten atmospheres at room temperature, the LPP plume became less and less
reproducible in the evolution of its shape and luminosity and the attenuation of the
intensities of the probing laser beams through the plume.  A full -scale investigation of the
instabili ty has established that the neutral gas confinement precipitates the interfacial
instabili ty of the Rayleigh-Taylor nature.[3,4,13]   We summarize the primary findings
and a new diagnostic method developed for study of such unstable non-axisymmetric
plasmas.

In the presence of the interfacial instabili ty, the structure of the LPP plume, as
presented in plasma continuum emission intensity, is no longer symmetric about the laser
beam axis.  This renders the Abel inversion algorithm unworkable as a tool for inverting
the 1-D plasma luminosity profile seen from the side into the 2-D cross-sectional profile
of the plasma's specific continuum intensity.  We have subsequently developed another
modified inversion algorithm, which is applicable to non-axisymmetric plasma plumes.
The new method consists of taking two mutually orthogonal side views of plasma
luminosity at a fixed distance from the target by means of streak photography.  The two
side views are insuff icient for unique reconstruction of the 2-D plasma profile.  To
overcome this limitation, a snapshot image of the front view of the plume is also taken at
the start.  Fig. 5 shows four sets of such measurements, one each at the neutral gas
pressure of 1, 10, 20 and 50 atmospheres at room temperature.  This approach is different
from the Cormack-Hounsefield algorithm in medical x-ray imaging, where many side
views are taken in a scan, but is equally effective.[14]

Figure 5.  A set of two side-view streaks at 0.5 mm from the target surface (left) and a front-view
photograph (right) is shown for four different LPP plumes, one each from an aluminum target placed in
argon at: (a) 1 atm; (b) 10 atm; (c) 20 atm; and (d) 50 atm.  The laser pulse energy is fixed at 2.5 J.   The
solid horizontal l ine at the bottom on the left hand side corresponds to 1 � s along the time axis while the
broken vertical l ine indicates 14.6 mm in width in each of the two mutually orthogonal directions on the
target plane.



The basic sequence of the algorithm is summarized in Fig. 6. The new inversion
algorithm reconstructs the 2-D cross-sectional section of the LPP plume at a given time
iteratively by proposing a trial profile and correcting it according to the two side view
luminosity profiles.  The front view image is used as a 2-D weighting factor to be
multiplied into the error signals constructed from the difference between the calculated
side-view profiles and the measured ones.  The final reconstructed 2-D profile at one time
is used as the weighting factor for the next time step.  This is continued for the entire li fe
of the plume.

Fig. 7 gives a summary of the data for the LPP plumes from an aluminum target
immersed in argon at four different pressures.  For each run, two mutually orthogonal
side-views streaks are recorded.  With increasing argon density, the run to run variation

1. Organize the two streak images into two time-resolved
  mutually orthogonal luminosity profiles, Lside( i; t) and Ltop( j; t).

2. Construct a 2-D array of weighting factors from front-view snap shot:

3. Select an initial trial 2-D continuum intensity profile
at time t, Iplasma ( i,j;t).

4. Calculate temporary luminosity profiles:

5. Calculate a revised 2-D continuum intensity profile:

6. Calculate an rms error from the temporary
and measured luminosity profiles:

7.    Repeat the sequence from 3 to 6 until rms error is minimized.
8. Calculate new weighting factors using Iplasma ( i,j;t)

for next time step.
9. Repeat the sequence 3 to 8 until the end of the luminosity streak

Figure 6.  The basic sequence of the inversion algorithm for reconstruction of non-
axisymmetric 3-D LPP plumes from two-mutually orthogonal side-view luminosity
streaks and a front-view snapshot image.



in each set of streaks and image grows larger.  At the same time, the intensity of the laser
beam transmitted through a pinhole in the target exhibits increasingly larger fluctuations.

In Fig. 8 the reconstructed 2-D profiles of specific continuum intensities of
aluminum LPP plumes in argon are shown for seven selected times.  The two constant
intensity contours, one at 50% and another at 20% of the local maximum intensity in one
atmosphere argon, grow larger but remain approximately axisymmetric as the time
advances.  At higher pressures, the contours exhibit increasingly larger distortions with
increasing time.  It also shows that evolution of the intensity contours is increasingly less
reproducible from one run to the next.  These trends have been quantified by first
carrying out a 2-D Fourier decomposition of the reconstructed specific intensity profiles
and analyzing the run-to-run variations in the mode amplitudes. The rms values of such
mode amplitude variations, computed from a set of eight runs under identical condition,
are plotted as a function of the wavenumber of the respective modes in Fig. 11.  We find
the rms values scale as the square root of the wavenumber, a well -established signature of
Rayleigh-Taylor instabili ty.[13]  The wavenumber of rectangular modes is expressed by
the geometric mean of the two wavenumbers associated with each rectangular mode.

3. Polarization Spectroscopy of Neutral Gas Confined LPP Plumes

Our interest lies in taking images of the full LPP plumes by means of
polarization-resolved emissions from the plasma, be a continuum or line emission, in
order to elucidate further the nature of the interfacial structures such as those shown in
Fig. 7.   The continuum intensity variation in space signifies the existence of large
gradients in plasma temperature and pressure, which in turn will drive the plasma flows

                       (a)                                 (b)                                 (c)                                  (d)
            1          2         3              1         2        3              1          2         3               1        2         3
135 ns                                         245        255   305

185                 295        305   355

235                 345        355   405

285                                              395        405   455

335                 445        455   505

385                                         495        505   555

435                 545        555   605

Figure 7.  Evolution of the constant intensity contours of reconstructed 3-D LPP plume profiles
at 50% and 20% of the local maximum is shown at 0.5 mm from the aluminum target surface,
which is placed in argon at: (a) 1 atm; (b) 10 atm; (c) 20 atm; and (d) 50 atm.  Each column of
contours shows development of a single LPP plume at 50 ns intervals.  The number above each
column of contours corresponds to the repeat run number.
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Figure 8.  The normalized power amplitudes of 6 selected single modes as a function of time for
aluminum plasmas produced in argon at four different pressures: a) 1 atm; b) 10 atm; c) 20 atm; and
d) 50 atm.  At each pressure, eight LPP plume shots under identical incident power laser conditions
have been analyzed.  k is the wavenumber of the single mode indicated by the mode number (n,n),
where n = 1 to 6.  The zero of the time axis corresponds to the plasma onset time,  tonset = 36nsec.  The
maximal value within each group of eight laser shots are normalized with respect to the average
maximal value of mode (1,1) set at 100.



of complex topology.  We anticipate separation of charges throughout the plasma plume,
and polarization-resolved imaging will help visualize development of such structures.

The feasibility experiment makes use of an experimental arrangement, shown in
Fig. 10.  The vacuum chamber contains an aluminum target mounted on an electrically
floating stage.  The emissions from the LPP plume can be detected and analyzed either

across the cross-section of the LPP plume by looking down on the target through the laser
beam focusing lens or from the side through the side wall of fused quartz.  We will refer
to the first view as an axial view and the latter as a side view.  The full uv to near ir
spectral range is accessible for both views.   The ambient neutral gas density remains

T
im

e-
A

ve
ra

ge
d 

N
or

m
al

iz
ed

 S
ta

nd
ar

d 
D

ev
ia

ti
on

                            0                20         40                    60                     80

                                                          k= k kTop Side ` , cm-1

Figure 9.  The standard deviation, normalized by the mean and then averaged over time
from tonset+20nsec to tonset+120nsec, is plotted against wavenumber.  The wavenumber
used is the geometric mean of the two wavenumber of each 2-D mode, i.e., k=(kTopkSide)

0.5 .
Results include 39 lowest-order single modes, from (1,1) to (6,6).  The solid line is the
best fit to the data points according to y~k0.5 .
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Figure 10.  Schematic
diagram of the experimental
setup used for polarization
spectroscopy.  Three different
orientations of the
spectrograph's entrance slit
are used to probe the local
electric field and particle
velocity.  The electric
potential, to which the target
has been driven, is measured
by a means of a 10x probe
and a potential divider.



much lower, in the range from high vacuum to one atmosphere at room temperature, than
in the case of high density LPP plume runs.  Argon is used as the confining gas.

There are basically three measurement configurations.  The plasma plume is
imaged onto the entrance slit of a spectrograph either for an axial view of the plasma or a
side view.  In the arrangement of an axial view of the plasma, the center of the plume's
image is positioned in the middle of the slit.  One half of the slit is covered with an
analyzer with its polarization axis parallel to the slit, and the second half is covered with
another analyzer with its axis perpendicular to the slit.  The central portion of the slit
between the two analyzers is blocked from the LPP plume emissions. Given that at these
neutral gas densities the LPP plume retains the axial symmetry, the polarization property
of the plume's emission are measured at once both wavelength and radial position-
resolved.

The side view arrangement entails placing the image of the LPP plume on the slit
plane with the plasma axis aligned either parallel or perpendicular to the slit.  The first of
these alignments is referred to as an axial side view, and the latter as a trans-axial side
view.  In the trans-axial side view, the axial symmetry of the plasma plume can be
exploited: two analyzers can be placed on the slit in two mutually orthogonal directions.
In the trans-axial arrangement, the analyzer can be alternated from an alignment with its
axis parallel to the slit to another that it orthogonal to it.  All three configurations for
polarization-resolved imaging are indicated schematically in Fig. 10.

Figure 11 shows the time-resolved target potentials due to charge separation in the
expanding LPP plumes.  Altogether eleven different argon pressures are indicated.  Using
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Figure 11.  Measured time-
resolved  target potential as
resulting from charge
separation within the
expanding laser-produced
plasma plume from an
aluminum target.  The target
is placed inside the vacuum
chamber, which is filled
with argon to varying
pressures.  The conducting
target holder is electrically
insulated from ground and
connected to a potential
divider.  Its potential is
measured by using a 10x
probe.  The intensity profile
of each laser pulse used to
generate the plasma is
plotted at the top, one above
the other.



the common time base the laser intensity is shown as function of time for these runs.
They overlap closely, indicative the reproducibility of the laser pulse.  The scale of the
potential is common to all runs, and the peak value of the potential reaches 14.7 kV.

Fig. 12 shows a set of axial-view measurements for the LPP plume in 4.5 Torr
argon.   The polarization-resolved spectrum is taken using a gated intensified CCD
detector placed at the exit plane of the spectrograph.  It represents 400 ns integration
starting at 300 ns from the onset of the laser pulse indent on the aluminum target.  The

dotted line in the middle of Fig. 12a makes the center of the plume and the boundary
between the two mutually orthogonal polarization analyzers.  The wavelength-resolved
emission intensity is shown at different radial distances from the plume's axis in Fig. 12b.
The dark line running in the middle shows the demarcation for the two polarization
directions.  Fig. 12c shows the degree of polarization computed from the spectral
intensity data of Fig. 12b for a selected group of emission lines.  The degree of
polarization is shown as function of radial distance from the plume's axis.  The positive
value means that the line is polarized preferentially in the radial direction.  The results
show a dependence of the degree of polarization on the wavelength of the emission lines
as well as on the radial position from which the plasma emissions emanate.

Fig. 13 compares the two polarization-resolved spectra from the axial-view
imaging of the LPP plume at two different argon pressures, 48 Torr (a) and 4.5 Torr (b),

Figure 12. Polarization and radial
position-resolved axial-view spectrum of
the laser-produced plasma plumes from
an aluminum target. The target vacuum
chamber is filled with argon to 4.5 Torr.
See the caption of Fig. 10 for more
details.  The spectrum (a) shows the
spectrum, which is displayed as function
of radial position, in spatial resolution of
0.025 mm per vertical pixel.  Two
mutually orthogonal polarization
components are obtained simultaneously,
the upper part being parallel to the radial
direction and the lower part perpendicular
to the first.  The wavelength is shown in
pixels, which runs from 0 (389.5 nm) to
1023 (447.3 nm).  The intensity scans (b)
run as function of wavelength at each
radial position.  The dark line in the
middle indicates the plume's center.  The
line intensities for the two polarization
directions are used to evaluate the degree
of polarization at each radial position.
The results are shown in (c) for eight
emission lines.  The short solid lines
identify the line positions in the spectrum
of  (b).
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respectively.  They show a significant density dependence of the degree of polarization.
Also careful inspection of the individual spectral lines as function of the radial distance
from the plume's axis shows that the line centers are blue shifted by amounts that are both
wavelength and radial position dependent.

A sampler of the side-view polarization spectroscopy of the LPP plumes, on the
other hand, is given in Fig. 14 for two different neutral gas densities, one at 4.5 Torr and
another at 48 Torr.  Here one can surmise that the preferred polarization axis is trans-

Figure 13.  Polarization and radial position-
resolved axial-view spectrum of the laser-
produced plasma plumes from an aluminum
target.  The target vacuum chamber is filled
with argon to two different pressures: a) 48
Torr and b) 4.5 Torr. The LPP plume is
viewed from the direction of the incident
laser beam and is imaged onto the entrance
slit of the spectrograph such that the slit cuts
through the center of the plume.  The dotted
lines indicate the plume's center, which
divides one polarization analyzer parallel to
the slit (bottom) from another perpendicular
to it (top).  The emissions from the plume's
core have been blocked at the slit.  The
vertical axis indicates the radial distance
from the plasma axis, given in detector
pixels at resolution of 0.025 mm per pixel.
The wavelength axis is displayed
horizontally in detector pixel addresses
running from 0 (387.4 nm) to 1023 (477.4
nm).

(a)

(b)

Figure 14.  Polarization and axial position-resolved side-view spectrum of laser produced plasma
emissions.  The aluminum target is placed in the vacuum chamber filled with argon to two different
pressures: a) 2.5 Torr and b) 48 Torr.  The side view of the plume is imaged with its axis parallel to
the entrance slit of the spectrograph.   The upper frames show spectra taken with the polarization
analyzer aligned along the plasma axis ('axial polarization'), while the lower frames correspond to
the analyzer aligned normal to the plasma axis ('trans-axial polarization'). The vertical axis indicates
the distance along the plasma axis, given in detector pixels at resolution of 0.050 mm per pixel.
The aluminum target is located 4 mm below the bottom in each frame.  The wavelength axis is
displayed horizontally in detector pixel addresses running from 0 (387.4 nm) to 1023 (477.4 nm).

(a)               (b)



axial, i.e., perpendicular to the plasma axis or in the radial direction at each given axial
position within the plume.  It also demonstrates strong blue Doppler shifts, growing
larger with increasing axial distance from the target, whose plane is located below the
bottom edge of the spectrogram.

The neutral gas density dependence of the degree of polarization is summarized in
Fig. 15 for three emission lines, one each from the neutral atoms, singly ionized ions and
doubly ionized ions of aluminum, respectively.  Fig. 16 shows a summary of the
corresponding dependence of the Doppler shifts on the neutral gas density and the
originating species and emission line wavelength.  The three emission lines are chosen to

in order to probe different aspects of charge separation.  The emission lines at 3961.52Å
Al I, 4663.05Å Al II and 4479.97Å, 4479.89Å Al III belong to the multiplets, 2Po-2D of
the neutral aluminum atom, 1D-1Po of the singly ionized aluminum ion and 2Po-2D of the
doubly ionized aluminum ion, respectively.

4. Analysis and Discussion

The results of the axial view spectroscopy indicate that the emission lines are
significantly polarized with the plane of polarization predominantly in the radial
direction, while the degree of polarization grows larger with the radial distance.  The
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Figure 15.  Radial position resolved degree of polarization for three emission lines of
laser-produced aluminum plasma.  The neutral gas pressure is varied from high
vacuum to 48 Torr, as shown on the right-hand side.  The lines are selected from the
neutral (3961.52Å Al I), singly ionized (4663.05Å Al II) and doubly ionized aluminum
(4479.97Å, 4479.89Å Al III).



Doppler shifts tend to be greater for doubly ionized ions than for the singly ionized ions.
The side view spectroscopy indicates that the emission lines are polarized preferentially
in the trans-axial direction but with smaller degrees of polarization.  The Doppler blue
shifts grow larger as one moves away from the aluminum target surface, which suggests
that the electrostatic acceleration of charged species takes place near the periphery of the
plasma plume.  This is consistent with the view that the charge separation takes place in
the expanding front of the plume where steep density gradients exist.  A domed plasma
pillar is covered with a sheath of positive charges while a negative charge layer of
electrons expands away rapidly.  The region of charge separation is lower in plasma
density, and the line emissions dominate the plasma spectrum.  At the same time the
strong electric fields propel charged species and the electric dipole moments become
aligned with the field despite considerable thermal fluctuation.  Our earlier studies, we
have determined that the core temperature of the comparable LPP plumes reaches 50 eV
at the peak.  This translates to a temperature in the range of 10 eV in the outer layers of
the plasma where charge separation takes place.

The question is how the dipole moments of the neutral aluminum atoms remain so
well aligned radially and their line emissions exhibit such strong Doppler blue shifts.  It
has been suggested that the line emissions from the neutral atoms result from
recombination of the singly ionized species.[15]   This bodes well with the fact that at the
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Figure 16. Radial position resolved Doppler shifts for three emission lines of laser-
produced aluminum plasma.  The neutral gas pressure is varied from high vacuum to 41
Torr, as shown on the right-hand side.  The lines are selected from the neutral (3961.52Å
Al I), singly ionized (4663.05Å Al II)and doubly ionized aluminum (4479.97Å, 4479.89Å Al III).



peak of the LPP plume the aluminum ions are three to ten fold ionized across the core of
the plasma plume.[2]

The fact that the side-view spectroscopy (see Fig. 14) indicates significant levels
of trans-axial polarization is a puzzle at first sight.  The emitting species whose dipole
moments are aligned radially would show little polarization when viewed from the side.
The explanation may be found in the fact that due to the finite size of the imaging optics
the plume's image on the slit plane contains plasma emissions in directions other than the
direct line of sight.  The measured polarization reflects the polarized emissions from the
part of the plasma, which is off the line of sight but still within the finite-size solid angle
of acceptance of the spectrograph.  Fig. 17 shows a sketch of the plasma particle
movement and the alignment of the electric dipole moments of the radiating species that
includes the above observations.

5. Summary and Conclusions

The observed Doppler shifts indicate that the energies of neutral aluminum atoms
and singly and doubly ionized ions are in the range as large as 15 keV.  This far exceeds
the peak thermal energy of kB T = 50 eV, suggesting that the species are driven electro-
magnetically as well as gas-dynamically and thermally.  The energy distribution function
has an appearance of being bimodal due to the fact that plasma particles are driven
spuriously by the electric field.  Laser-produced plasmas from atomic clusters are
reported to contain MeV-class species through a process known as Coulomb explosion,
which results in charge separation.[16-18]   Charge separation is sensitive to other
physical processes involved in LPP plume generation, such as the detail of laser-matter
interaction in terms of materials structure and transport properties.[20-22]

The dipole moments of the radiating species are by and large aligned radially.
This is a direct consequence of the large electrostatic field resulting from the charge
separation during the plume's expansion.  The preponderance of the large observed
degree of polarization suggests that d · E ≥≥  kB T , according to the Langevin function,
which gives the mean value of the dipole moment when an ensemble of atomic dipoles
with moment d is in thermal equilibrium in the presence of an applied electric field E.
The distribution of the electric field in magnitude and direction, however, will have to

Figure 17.  A sketch of the alignment
of the electric dipole moments
(double headed arrows) of radiating
neutral and ionized aluminum atoms
with the local electric field and the
directions of motion (single headed
arrows) of super-thermal radiating
species.  The two large hollow arrows
on the left-hand side show the rays of
the laser beam directed toward the
aluminum target.



await a full reconstruction of the 3-D plasma structure by the algorithms presented
earlier.

By the same token, plasma diagnosis by means of spectral line broadening does
not illuminate beyond this point because the apparent emission line profiles are actually
the results of line of sight integration through the plasma of strong nonuniformity.  Full-
scale reconstruction of the 3-D plasma structure is needed.

The presence of the neutral background gas confines the plasma plume.  The size
and shape varies as strong functions of gas pressure at a given moment of the plasma
evolution, while strongly influencing the persistence of the electrostatic field due to
charge separation.  It appears highly likely that the interfacial instability in strongly
neutral gas confined LPP plumes imposes complex electric fields near the interface.  The
robustness of the polarization of emission lines adds to the confidence that plasma
polarization spectroscopy can be further developed as a useful diagnostic tool for analysis
of a precipitation of the interfacial instability and the ensuing development of 3-D plasma
structure.

J.-C. Oh and C.D. Lloyd-Knight contributed significantly in the development of
the two diagnostic methods applicable to a large class of weakly nonideal and non-
axisymmetric plasmas.  Financial support of the work by the CTU 5-2 Consortium for
Laser Produced Plasmas and Lehigh University is acknowledged
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Abstract

We have performed model calculations aimed at studying the formation and

properties of polarized X-ray line emissions from Si plasmas driven by high-intensity

(1016 – 1018 W/cm2), ultrashort-duration (300 fs) laser pulses.  Our focus is on the He-like

Si 2l 2l’ → 1s 2l satellite transitions of the Ly-α line.  The calculated polarization effect

is due to an anisotropic component in the electron distribution.  Time histories of line

intensities and polarization degrees were obtained from magnetic sublevel populations

computed by the time-dependent collisional-radiative atomic kinetics code POLAR.  This

model and code is the final step in the employed suite of codes that model laser-target

interaction using hydrodynamics, electron kinetics, and atomic kinetics simulations.  The

degree of polarization is due to the competition between several atomic processes that

drive alignment creation, transfer, and destruction.  We identify lines that can be used as

polarization markers of plasma anisotropy as well as the main channels responsible for

the creation of alignment in magnetic sublevels.



Introduction

Line polarization can arise in plasmas that exhibit some type of anisotropy.  A

special spatial direction can, for example, be defined by an external electric or magnetic

field.  In our studies we consider the anisotropy caused by a non-thermal, directional

component in the distribution of plasma electrons.  Such “hot electrons” are known to be

produced in experiments where a solid target is irradiated by a high-intensity, short-

duration (subpicosecond) laser pulse [1,2].  These electrons then drive atomic processes

that can create alignment, i.e. unequal population distribution of magnetic sublevels

within a given fine structure atomic level.  Radiative decay of aligned levels results in

emission of partially polarized electromagnetic radiation. Therefore polarization

characteristics of line emissions are indicative of plasma anisotropy.

Model and code POLAR

POLAR is a time-dependent, collisional-radiative magnetic-sublevel atomic

kinetics model and code.  It evaluates rates of atomic processes (both spontaneous as well

as driven by electron-ion collisions) based on plasma conditions and then computes

magnetic-sublevel populations and line intensities arising from the mutual interplay of

these processes.  The main characteristic that sets POLAR apart from other models is that

it is applied in the context of anisotropic plasmas and its goal is the calculation of

polarization properties of line emissions.  In turn, this polarization effect can be used to

characterize plasma anisotropy.  This requires the magnetic-sublevel level of description

of the atomic energy level structure and similarly determines the nature of other atomic

data (such as cross sections) needed for the model.  The second hallmark of POLAR is its



automatic treatment of multi-level (cascade) effects in the sublevel population kinetics.

This is a step beyond previous theoretical work regarding line polarization that has been

done within the scope of “two-level” models.  In these types of models only the two

energy levels involved in the transition are considered and possible cascade effects on the

populations of upper magnetic sublevels from other states require special treatment (such

as the use of effective excitation rates [3]).  While this approach has been successful in

low-density, atomic-spectroscopy-type experimental situations [4-6], in the context of

dense plasmas it is necessary to address the complex multi-level and multi-atomic-

process nature of level-population kinetics in a different way.  To this end we combined

the calculation of polarization properties of line emissions with the need of systematic

treatment of multi-level (cascade) effects on sublevel population.  This we accomplished

by building a time-dependent collisional-radiative, magnetic-sublevel atomic kinetics

model and code POLAR.

In our model the normal to the target surface defines also the axes of symmetry

and quantization in the problem.  Non-thermal electrons are assumed to be moving along

this direction and the line of sight is perpendicular to it.  The ultimate results of POLAR

calculations are polarization-dependent total line intensities I|| and I⊥ (the parallel and

perpendicular directions of linear polarization are also relative to the axis of symmetry).

In terms of these intensities, the degree of polarization defined as,

                                                                 
⊥

⊥

+
−

=
II
II

P
||

|| (1)

can then be calculated.  Intensities I|| and I⊥ are calculated for line transitions between

fine-structure energy levels, that are formed as an incoherent superposition of all possible

transitions between magnetic sublevels of the two energy levels.  The resulting line



emissions have the same energy due to degeneracy with respect to the magnetic quantum

number and are linearly polarized because of the conservation of angular momentum

[7,8].  Sublevel populations in isotropic plasmas are evenly distributed within each fine-

structure level, thus line emissions contain both polarization states with equal intensities,

which leads to P=0.  The polarization effect can appear in anisotropic plasmas as a

consequence of sublevel population imbalance favoring emission of photons of one

polarization state over the other.  Under axial symmetry only the diagonal elements of ion

density matrix are non-zero [2].  These are the magnetic sublevel populations and their

calculation is therefore of central importance in modeling of polarized line emissions.

The effect of hyperfine interaction on the polarization does not need to be considered in

this case, since the most abundant Si isotope lacks nuclear magnetic moment.

POLAR sets up and numerically integrates the set of rate equations,

                                                                    bgA
dt
gd rr
r

+= (2)

where gr  are the fractional populations of magnetic sublevels formed by the 2l 2l’

configurations containing upper levels of the spectral lines of interest (satellites of Ly-α,

see Table 1).  The matrix A consists of rates of processes linking these sublevels to one

another as well as their total depopulation rates.  The vector b
r

 represents processes

originating from the ground states of the He-like (collisional excitation) and H-like

(electron capture) ions.  The populations of these two ground states are extracted from the

ionization balance calculation ( f
r

 from M3R) that considers all Si ionization stages

starting from Ne-like through the fully-stripped ion [9].  The chief source of atomic data

for our kinetics models are the Los Alamos structure and collision codes CATS, ACE and



Level    Configuration   LSJ     Energy (eV)
    1               1s2             1S0                0.0
    2             1s 2s            3S1          1840.2
    3             1s 2p            3P0         1854.1
    4             1s 2p            3P1         1854.5
    5             1s 2s            1S0          1854.7
    6             1s 2p            3P2         1855.4
    7             1s 2p            1P1         1865.4
    8             1s 3s             3S1         2176.8
    9             1s 3p            3P0         2180.6
  10             1s 3s             1S0         2180.7
  11             1s 3p             3P1        2180.7
  12             1s 3p             3P2        2181.0
  13             1s 3d             3D1        2183.0
  14             1s 3d             3D2        2183.0
  15             1s 3d             3D3        2183.1
  16             1s 3d             1D2        2183.2
  17             1s 3p             1P1        2183.7
  18               2s2              1S0         3821.7
  19             2s 2p            3P0         3824.6
  20             2s 2p            3P1         3825.1
  21             2s 2p            3P2         3826.3
  22               2p2             3P0         3837.2
  23               2p2             3P1         3837.8
  24               2p2             3P2         3838.8
  25               2p2             1D2        3845.7
  26             2s 2p            1P1         3846.4
  27               2p2             1S0         3865.9

Table 1.  POLAR energy level structure for He-like Si

“singlet” transitions
   2p2 1D2  →  1s 2p 1P1
2s 2p 1P1  →  1s 2s 1S0

“triplet” transitions
2s 2p 3P0,1,2  →  1s 2s 3S1

      2p2 3P1  →  1s 2p 3P0,1,2

Table 2.  He-like satellites of Ly-α



GIPPER [10], although our codes have the flexibility to accommodate atomic data of any

other origin.  Both POLAR and M3R codes take as input the time histories of the electron

distribution characteristics calculated by the hydrodynamic code FILM [11] and the

particle-in-cell (PIC) code EUTERPE [12], with α characterizing the fraction of non-

thermal electrons.  Model-calculations are performed in two steps.  First, FILM,

EUTERPE and M3R are used to compute time-dependent plasma environmental

conditions and overall ionization balance for the magnetic-sublevel atomic kinetics

model.  Second, the code POLAR is used to calculate time-dependent collisional-

radiative magnetic-sublevel atomic kinetics.  These four codes thus form a suite that

starts with the modeling of laser-target interaction and concludes with the calculation of

polarization-dependent synthetic spectra (see Figure 1).

Figure 1.  Suite of codes



Results

Figure 2 shows the time histories of polarization degrees P for the 2l 2l’ → 1s 2l

He-like Si satellites of Ly-α emitted from a fluid element within the skin-depth region of

the Si target.  The laser pulse has a Gaussian temporal profile with the peak at 400 fs and

FWHM of 300 fs.  The traces split into two groups (see Table 2): 1) two “singlet”

transitions that develop significant polarization degree later in time (i.e. during the

recombination of the plasma), and 2) “triplet” lines that remain essentially unpolarized.

FILM hydrodynamic simulations indicate that the electron temperature qualitatively

follows the laser pulse time-history (i.e. it peaks around 400 fs) and that electron number

density drops below 1023 cm-3 rather early in time due to a rapid decompression.  Thus,

the depolarizing influence of thermal electrons is strongest early in time.  On the other

hand, PIC simulations show that the alignment-driving anisotropic (non-thermal) part of

the electron distribution develops quickly and then remains essentially unchanged

throughout the 1 ps time interval of interest.  (We note that the PIC simulations used here

are non-collisional and hence cannot account for the thermalization of non-thermal

electrons.)  It is the interplay between the atomic kinetics effects driven by these two

groups of electrons that allows for polarization development only later in time.

The atomic process considered in POLAR can be classified in two groups:

anisotropic and isotropic. Anisotropic atomic processes are driven by non-thermal

(directional) electrons, and include collisional excitation (within He-like Si sublevels)

and electron capture (from H-like Si ground state).  These processes can create

alignment.  Isotropic atomic processes are either spontaneous or driven by thermal

electrons and transfer or destroy alignment.  These include spontaneous radiative decay



(within He-like Si sublevels), autoionization and electron capture (to and from H-like Si

ground state), and collisional excitation and deexcitation (within He-like Si sublevels).  In

addition, collisional elastic scattering within the sublevels of a given fine structure level

is also taken into account.  We emphasize that within the context of this model the degree

of polarization is due to the competition between anisotropic and isotropic atomic

processes.  This is important for polarization studies of laser-produced plasmas where, in

general, different atomic processes can become important at different times.

In order to understand in more detail the main channels leading to the emergence

of the polarization effect in the two singlet lines, we repeated the POLAR calculations

including only a selection of energy levels defined in Table 1.  Through the use of such

“reduced models” we can “turn-off” the influence of selected atomic processes on the

sublevel kinetics and assess their importance by comparing these simulation outcomes

with the “full” result in Figure 2.

Figure 3 shows the time history of polarization degree for the

2s 2p 1P1 → 1s 2s 1S0 line calculated from a minimum model that includes only the He-

and H-like Si ground states and the two levels forming the transition.  The upper level is

hence allowed to be fed only by three processes: 1) collisional excitation from the ground

state of the He-like ion, 2) collisional excitation from 1s 2s 1S0, and 3) electron capture

from the ground state of the H-like ion.  The rates of all three processes consist of

contributions due to thermal and non-thermal electrons.  The application of this reduced

model results in considerably smaller polarization values than in the full model.  This is

dramatically changed by the addition of the 1s 2s 3S1 level (Figure 4).  The associated



inner-shell collisional excitation feeding channel is thus shown to be an important

alignment-creating process for the 2s 2p 1P1 level.
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Figure 2.  Laser intensity 5 × 1016 W/cm2, α=0.2, “full model”.  The non-thermal
electrons “turn on” at 100 fs.
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Figure 3.  2s 2p 1P1  →  1s 2s 1S0: reduced model: levels 1,5,26,H only (H represents the
ground state of H-like Si)
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Figure 4.  2s 2p 1P1  →  1s 2s 1S0: reduced model: levels 1,2,5,26,H only
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Figure 5.  2p2 1D2  →  1s 2p 1P1: reduced model: levels 1,6,7,25,H only
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Figure 6.  reduced model: levels 1,2,5,6,7,25,26,H only

Similarly we have constructed reduced models to study the other singlet

transition, 2p2 1D2 → 1s 2p 1P1.  The result in Figure 5 is based on a model containing the

two ground states, the two levels forming the transition, plus an additional level

(1s 2p 3P2) from which an important inner-shell collisional excitation channel originates.

Finally, a combination of the simpler models for the two singlet lines (Figure 6) yields an

approximation to the full model result.  In all these models, the inclusion of H-like

ground state and the associated electron capture process significantly affects magnetic

sublevel atomic kinetics.  The 2p2 1D2 level has a strong autoionization/electron-capture

connection to the H-like ground state, which can also indirectly influence populations of

other autoionizing states [13].  Furthermore, this process (when driven by non-thermal

electrons) is an important alignment-creating feeding channel for the 2l 2l’ He-like states.

This stems from selection rules based on angular momentum conservation that govern the

accessibility of various magnetic sublevels through this process [14].



Conclusions

We have constructed a time-dependent, collisional-radiative model and code for

the purpose of calculating the characteristics of polarized line emissions from laser

produced plasmas.  This is accomplished by calculating time histories of magnetic

sublevel populations as the final step in a complex modeling of laser-target interaction

that involves hydrodynamics, and electron and atomic kinetics.  We have studied the

formation and polarization properties of the satellite line emissions of the Ly-α in He-like

Si.  These lines fall into two categories: “singlet” lines that show potential for a

polarization effect, and the largely unpolarized “triplet” lines.  We have also studied in

detail and identified the most important atomic kinetics feeding channels responsible for

the appearance of the polarization effect.  The multi-level nature of the problem in laser-

produced plasmas with many competing atomic processes is addressed and its systematic

consideration is shown to be of critical importance.
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Abstract

Using a polarization-resolved UV/Visible spectrometer, the degree of polarization of the spectra

from laser produced Al plasmas was measured. The degree of polarization of Al III 4s 2S1/2 -

4p 2Po
3/2 transition was measured at different positions from a target surface. To resolve the

different polarization components of the emission line, a dichroic polarizer was used in front of

the entrance slit of the spectrometer. The degree of polarization was observed to be 2 % 200

µm from target surface and decreased as the distance from the target increased, vanishing about

1.3 mm from the target surface. To avoid the possible error due to the shot-to-shot variation

of the line intensity, a calcite crystal was used to simultaneously observe the two polarization

components. Both measurements yielded the same result. The plasma parameters, such as the

electron temperature and density, were estimated by spectroscopic methods. The measured electron

temperature was about 3 eV and the density 2× 1017 cm−3 near the target surface and decreased

to 4 × 1016 cm−3 1.3 mm away from the target surface.
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I. INTRODUCTION

Polarization of emissions from a plasma is generated by the presence of an anisotropy in

the plasma such as the anisotropy of the election velocity distribution[1]. The measurement

of the degree of polarization of an emission line can then be used to find the anisotropy of the

plasma. The plasma polarization spectroscopy has been applied to laser produced plasmas[2–

5]. Previous studies dealt with high density and high temperature plasmas produced by high

power lasers by means of emission lines in the x-ray and soft x-ray region. In this work, the

degree of polarization of a spectral line from a low-temperature Al plasma produced by a

low power laser was measured using a polarization-resolved UV-visible spectrometer.

II. EXPERIMENTAL SETUP

Figure 1. shows the experimental setup. A Q-switched Nd/Glass was used to generate

an Al plasma. The pulse duration of the laser is 3 ns and the energy per pulse of 6 mJ was

used. This laser beam was focused onto an Al target surface with a focal spot size of 0.260

mm diameter. The power density on the target surface was then about 4×109 W/cm2. Two

imaging lenses were used to image the plasma on the entrance slit of a Czerny-Turner type

UV-Visible spectrometer with a focal length of 1 m. This spectrometer was designed in the

configuration of near-normal- incidence to the concave mirror to minimize an astigmatism.

Hence the overall optical system of the spectrometer and imaging optics could image the

plasma in one direction; the imaging direction was the direction of the laser incidence axis

as shown in Fig. 1. The spatial imaging property of the system was measured using a 0.4

mm-diameter wire as a fiducial at the position of the plasma following Ref. [6]. The spatial

resolution was measured to be about 0.3 mm. All the spatially-resolved data were taken at

positions which were at least 0.3 mm apart.

To measure the degree of polarization of an emission line, two methods were used. The

first one is to use a dichroic polarizer in front of the entrance slit of a spectrometer. The

set-up is easy. The spectrometer system sees the wide region of a plasma, a region of about

1.5 mm from a target surface, with a spatial resolution of 0.3 mm. The disadvantage of this

setup is that for the measurement of the degree of polarization, we need two spectra obtained

independently with a polarizer set for the horizontal and vertical polarization, respectively.



The measurement of the degree of polarization can be affected by the shot-to-shot variation.

The second one is to use a calcite crystal after the entrance slit. The birefrigent property

of properly-cut calcite crystal separates two perpendicular polarizations and allows one to

observe two polarizations simultaneously. Hence the possible error due to the shot-to-shot

variation can be avoided. This method was also employed to check the variation of the line

intensity which may introduce an error in the measurement using the dichroic polarizer.

In our experiment, two polarizations were separated by 1.6 mm vertically after a 20 mm

calcite crystal, and imaged and dispersed by imaging concave mirrors and a grating of the

spectrometer on a CCD detector. On the detector, then we have two horizontal lines, one

spectrum per each polarization as shown in Fig. 2. Since the optical set up in our experiment

does imaging in the vertical direction, without the proper limitation of a viewing area, the

two spectra overlap each other. To avoid this, we placed a 1-mm-wide slit in front of the

entrance slit of the spectrometer.

The direction of polarization is defined as follows: one polarization is parallel to the laser

incidence axis and the other polarization is perpendicular to the laser incidence axis. The

degree of polarization is then define by P = (I‖ − I⊥)/(I‖ + I⊥), where, I‖ is the intensity

of the light whose direction of polarization is parallel to the laser incidence axis, and I⊥ the

intensity of perpendicular polarization.

III. RESULTS AND DISCUSSION

The optical system consists of many optical elements such as mirrors, grating, lenses,

and windows. It’s important to calibrate the sensitivity of the optical system to different

polarization components. In this works, Al III ( 4s 2S1/2 - 4p 2Po
1/2) transition line was

selected to calibrate the polarization sensitivity of the system because this line can never be

polarized from quantum-mechanical point of view. But near a target surface, a high density

plasma exists, the continuum radiation of which contaminates the line emission. This region

was hence neglected. The polarization sensitivity were measured for the region of 0.4 mm

to 1.5 mm away from a target surface. The ratio of intensities of two different polarizations,

R = I‖/I⊥ was measured to be about 0.544 in the above region with a standard deviation

of 0.002.

Figure 3 shows the polarization-resolved Al III (4s 2S1/2 - 4p 2Po
1/2,3/2) lines obtained with



a dichroic polarizer. The transition lines were fitted by Voigt profile to find the intensities.

Using the calibration of the polarization sensitivity, all the intensities were calibrated. Figure

4 shows the variation of the degree of polarization with respect to the distance from a target

surface. The degree of polarization was measured to be 2.5% 200 µm from the target

surface, decreased with the distance, vanishing at 1.3 mm. Another series of experiments

were performed with a calcite crystal to check the effect of the shot-to-shot variation of

intensity on the polarization measurement. Figure 5 is the spectrum at a place of about 400

µm from the target surface obtained with a calcite crystal, and the degree of the polarization

was about 2.5%, confirming that the measured polarization was not affected by the shot-to-

shot variation of the plasma, but real.

Assuming the local thermodynamic equilibrium[7], the electron temperature was esti-

mated by the intensity ratio of the emission lines from different upper level transitions. The

electron temperature was measured to be about 3 eV. To find the electron density, the Stark

broadening was used. The spectral line was fitted using Voigt profile and the Lorentzian

width. Electron-impact broadening parameter was taken from Ref. [8]. The averaged elec-

tron density was measured to be 2.2×1017 cm−3 at a place of 220 µm away from the target

surface and decreased to 4×1016 cm−3 at a place of 1300 µm.

The electron density and temperature are too low for collisional excitation to be dominant

process to the upper level population. Saha equation indicates that Al IV ion is more

abundant than Al III ions. This means that the population of the upper level of transition

may be populated by recombination process from Al IV ion. For this case, as in Ref.

[9], the origin of the polarization of the emission line may be different from that in the

case of dominant collisional process. Quantitative calculations including the recombination

processes are needed and under progress.

IV. CONCLUSION

The degree of polarization of Al III (4s 2S1/2 - 4p 2Po
3/2) transition from laser produced Al

plasmas were measured using a polarization-resolved UV/Visible spectrometer. The degree

of polarization of the emission line was measured along the laser incidence direction. This

emission line was polarized to a degree of 2.5% near the target surface and unpolarized far

from target surface. The electron temperature and density estimated by the spectroscopic



method indicates that our plasma is in the recombination phase. The further study is needed

to understand the behavior of polarization characteristics of emission lines in a recombining

plasma.
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FIG. 1: Experimental setup.

FIG. 2: Polarization resolved spectral image on the CCD camera using a calcite crystal after an

entrance slit. Upper part of the spectra is E-ray of the calcite crystal, perpendicular polarization

to the laser incidence axis, and lower part is O-ray, parallel to the laser incidence axis.
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FIG. 3: Polarization resolved spectra using dichroic polarizer. Laser energy is 6 mJ. (a) is taken

220µm from target surface and (b) taken 1.3 mm from target surface. Open circle is the spectra

of parallel to the laser incidence axis and dot is perpendicular.
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FIG. 4: Degree of polarization as a function of the distance from the target surface)
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²�³�´L³¶µL³�·R¸�¹1º ±$».¯D¼ µL³�½F³D¾;¿;¸ ¯(À�¼DÁ ³¶Â%³;Ã » ¿;¸ ¯�Ä�Å ¸ ¯;ÆP« ³ÈÇ=³¶µL³�ÉBÊG¸ ®�Ëx¼�Ì ¿ Å(± ³ «=¬�Í ³ ÁÏÎ;ÐD¼
Ñ.Ò�ÓnÔ�²�Õ.Ö�Õ*×&³

Ø<³�´L³¶µL³<·R¸�¹1º ±�»�¯D¼ µL³�½F³<¾;¿
¸ ¯�À ¸ ¯;Æ É�³¶Ù�³RÚ »�¯(Ä�¬�±V¼�ÁMÄ ³F´�¸ Ä ¸ ÁM¯;Æ�ÛMÜ;° Êb³4´©¸ Ä ¸%ÝU¸�Þ�Ê ¬�±�Î;ßD¼
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´�¸ Ä ¸�Ý�¸�Þ(Ê ¬�±Mæ(çD¼ à.Ñ<²1Ô�²�Õ�ÖR²�×>³
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í*³=ïë³BÇ ãG±�±$¯�¬ ®�¼ Ã�³BÙ »�¯�¬�±V¼ ¸ ¯
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Ê ãG± ¿ ¬�Æ ×&³
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o«����}��-��� ���1�6� �
m_������� �T�� ¹Mº �1�I� � »»(· ¼·· ½(·· ¶8¾·· ¾·(··
¶�~/¾,~�¿�À²Á · Â�Ã(¼ t>¼» ¶t>·¼Ã§± �FÂ,´eÃ§t>¾·Ä ± �C»8´g» t>½½(» ± �C»8´ÅÂ`tB·» ¶± �C»f´ ¶t>Ã(Ã· ± �C»8´
x�| ¶t>·Ã,Â²± �FÂ,´eÃ§t>Æ»½ ± �C»8´gÄ t>¾ ¶8Ã ± �C»8´ÅÂ`tBÆ¾ ¶± �C»f´e¾ t�¶8ÄÆ ± �C»8´
��¶¡~ ÁCÇ-È ¾,~ ÁCÇ-È �/Á ¶t>·Ã,Â²± �FÂ,´eÃ§t>Æ»Ã ± �C»8´gÄ t>¾ ¶8Ã ± �C»8´ÅÂ`tBÆ¾· ± �C»f´e¾ t�¶8ÄÆ ± �C»8´

¶ ¶t>·¼Ã§± �FÂ,´eÃ§t>¾·Ä ± �C»8´g» t>½½(» ± �C»8´ÅÂ`tB·» ¶± �C»f´ ¶t>Ã(Ã ¶± �C»8´
¶t>·¼¾§± �FÂ,´eÃ§t>¾,Â�¼ ± �C»8´gÄ t�¶�·(» ± �C»8´ÅÂ`tB¾·Ä ± �C»f´e¾ t>·(Ä ¶± �C»8´
¶t>·¼Æ§± �FÂ,´eÃ§t>¾,Â�Ã ± �C»8´gÄ t�¶�·(Ä ± �C»8´ÅÂ`tB¾·¼ ± �C»f´e¾ t>·(Ä ¶± �C»8´

¢ Æ t>¾Æ»§± �FÂ,´e¾§t@Â�Ä¾ ± �FÂ,´ ¶t>¼½(½ ± �FÂ,´ ¶tB¾ ¶�» ± �FÂ�´e» t>Ä�Â�¾ ± �C»8´
Æ t>¾¾½§± �FÂ,´e¾§t@Â�Ã» ± �FÂ,´ ¶t>Ã,Â�Æ ± �FÂ,´ ¶tB¾¼Æ ± �FÂ�´eÄ t>¾(Ã,Â`± �C»8´
Æ t>¾¾½§± �FÂ,´e¾§t@Â�Ã» ± �FÂ,´ ¶t>Ã,Â�Æ ± �FÂ,´ ¶tB¾¼Æ ± �FÂ�´eÄ t>¾(Ã,Â`± �C»8´

¶�~/¾z ¿�É Á · Â�½(· t>·,Â ¾ t>¾Ä,Â²± �FÂ,´e¾§t>Ä¼¼ ± �FÂ,´gÆ t�¶�Ã(» ± �FÂ,´gÆ tB¼Ã ¶± �FÂ�´gÂ`t>¼(¾½ ± �FÂ,´
x�| ¾ t�¶�½ ¶(± �FÂ,´e¾§t>»»Æ ± �FÂ,´g¾ t>½Ã(Ã ± �FÂ,´gÆ tGÂ�¼,Â`± �FÂ�´gÂ`t�¶8Æ¾ ± �FÂ,´
��¶¡~ ÁCÇ-È ¾z ÁCÇ-È �/Á ¾ t�¶�½¾§± �FÂ,´e¾§t>»»¾ ± �FÂ,´g¾ t>½Ã(Ä ± �FÂ,´gÆ tGÂ�¼ ¶± �FÂ�´gÂ`t�¶8Æ· ± �FÂ,´

¶ ¾ t>ÄÄ·§± �FÂ,´e¾§t�¶�Æ· ± �FÂ,´ ¶t>Ã,Â�Ã ± �FÂ,´ ¶tBÃ¾» ± �FÂ�´e¾ t@Â�·Ã ± �FÂ,´
¾ t>¼¾Ä§± �FÂ,´e¾§t>¾ ¶¶± �FÂ,´ ¶t>½»(¾ ± �FÂ,´ ¶tB½ÄÃ ± �FÂ�´e¾ t>Ä(¼Ã ± �FÂ,´
¾ t>¼¾Ä§± �FÂ,´e¾§t>¾ ¶�¾ ± �FÂ,´ ¶t>½»(Æ ± �FÂ,´ ¶tB½¼· ± �FÂ�´e¾ t>Ä(¼½ ± �FÂ,´

¢ ¼ t>»Ã,Â²± �FÂ,´eÄ§t>½ÆÄ ± �FÂ,´gÄ t>ÃÃ§¶± �FÂ,´g¼ tGÂ�Æ· ± �FÂ�´e½ t>»�Â�» ± �FÂ,´
¼ t>Ä,Â�Æ§± �FÂ,´eÄ§t>½¼» ± �FÂ,´gÄ t>Ã½(¾ ± �FÂ,´g¼ tGÂ`¶¶± �FÂ�´e½ t@Â�Ã½ ± �FÂ,´
¼ t>Ä,Â�Æ§± �FÂ,´eÄ§t>½¼» ± �FÂ,´gÄ t>Ã½(¾ ± �FÂ,´g¼ tGÂ`¶¶± �FÂ�´e½ t@Â�Ã½ ± �FÂ,´

¶�~/¾z Á É Á · Â�½(¾ t@Â�Ä ¶t>Ä¼Ã§± �CÆ8´e¾§t>Æ»¼ ± �CÆ8´gÆ t>·Ä(¾ ± �CÆ8´gÆ tBÃ ¶�¼ ± �CÆf´gÂ`t>½�Â�· ± �CÆ8´
x�| ¶t>ÄÆ¼§± �CÆ8´e¾§t>¾Ã¼ ± �CÆ8´g¾ t>½,Â�¼ ± �CÆ8´gÆ tBÄÆ· ± �CÆf´gÂ`t>»(ÆÄ ± �CÆ8´
��¶¡~ ÁCÇ-È ¾z ¿ Ç-È �/Á ¶t>ÄÆ,Â²± �CÆ8´e¾§t>¾Ã,Â`± �CÆ8´g¾ t>½,Â�Æ ± �CÆ8´gÆ tBÄ¾Ä ± �CÆf´gÂ`t>»(ÆÆ ± �CÆ8´

¶ Â`t�¶�½,Â²± �FÂ,´eÄ§t>·½» ± �FÂ,´gÃ t>¼Ã(Ã ± �FÂ,´ ¶tB¾ÃÃ ± �CÆf´e¾ t>Æ(·,Â`± �CÆ8´
Â`t�¶�Â�Ä§± �FÂ,´eÄ§t�¶¶�Â`± �FÂ,´gÃ t>½,Â�Ä ± �FÂ,´ ¶tBÆÆ¾ ± �CÆf´e¾ t@Â(Â�» ± �CÆ8´
Â`t�¶�Ä·§± �FÂ,´eÄ§t�¶�Æ¾ ± �FÂ,´gÃ t>½Ä(Ä ± �FÂ,´ ¶tBÆÆ,Â`± �CÆf´e¾ t@Â(Â�¼ ± �CÆ8´

¢ ¾ t>» ¶�¼§± �CÆ8´eÆ§t>»¼Ä ± �CÆ8´ÅÂ`t>Ã¾(· ± �CÆ8´gÄ tBÆ½,Â`± �CÆf´e½ t>»�Â�¼ ± �CÆ8´
¾ t@Â�ÄÄ§± �CÆ8´eÆ§t>» ¶�· ± �CÆ8´ÅÂ`t>¼Æ(Ä ± �CÆ8´gÄ tB¾½» ± �CÆf´e½ t@Â�¾Ä ± �CÆ8´
¾ t@Â�ÄÄ§± �CÆ8´eÆ§t>» ¶�· ± �CÆ8´ÅÂ`t>¼Æ(Ä ± �CÆ8´gÄ tB¾½» ± �CÆf´e½ t@Â�¾Ä ± �CÆ8´

¶�~/¾z ¿�É È · Â�½§¶t�¶�¾ ¾ t>Ã½Ã§± �FÂ,´ ¶(t>½¼ ¶± �FÂ,´ ¶t>¾Ä(½ ± �FÂ,´g¼ tBÆ¾Ä ± �C»f´e¾ t@Â�½» ± �C»8´
x�| Æ t>·,Â�Æ§± �FÂ,´e¾§t>·½½ ± �FÂ,´ ¶t>Æ¼(¼ ± �FÂ,´gÃ tE¶�Ä¼ ± �C»f´e¾ t>½(Ã· ± �C»8´
��¶¡~ ÁCÇ-È ¾z ¿ Ç-È �-È Æ t>·,Â�·§± �FÂ,´e¾§t>·½¼ ± �FÂ,´ ¶t>Æ¼(» ± �FÂ,´gÃ tE¶�Ä¾ ± �C»f´e¾ t>½(¼½ ± �C»8´

¶ ¾ t>ÆÄ·§± �FÂ,´ ¶(t>Ä·Æ ± �FÂ,´ ¶t>·Æ(» ± �FÂ,´gÄ tB·¾¾ ± �C»f´e¾ t�¶(¶�Â`± �C»8´
¾ t>Æ¼¼§± �FÂ,´ ¶(t>Ä¾,Â`± �FÂ,´ ¶t>·»(¼ ± �FÂ,´gÄ tB¾¾¼ ± �C»f´e¾ t>¾(¼Ä ± �C»8´
¾ t>Æ¼»§± �FÂ,´ ¶(t>Ä¾Æ ± �FÂ,´ ¶t>·»(Ä ± �FÂ,´gÄ tB¾¾» ± �C»f´e¾ t>¾(¼» ± �C»8´

¾ ¼ t@Â�¾½§± �C»8´gÂ²t>½ÃÆ ± �C»8´gÆ t>Æ·(½ ± �C»8´g¾ tE¶�·,Â`± �C»f´e½ t>Ä(Ã½ ± �CÄ8´
¼ t@Â�»Æ§± �C»8´e»§t>·»¾ ± �C»8´gÆ t@Â�·�Â`± �C»8´g¾ tB¾ ¶�Æ ± �C»f´ ¶t>·(Ã½ ± �C»8´
¼ t@Â�ÃÆ§± �C»8´e»§t>·¼ ¶± �C»8´gÆ t@Â`¶8» ± �C»8´g¾ tB¾ ¶�½ ± �C»f´ ¶t>·(½· ± �C»8´

¢ ½ t�¶�·Æ§± �FÂ,´eÄ§t�¶�¼Æ ± �FÂ,´ÅÂ`t>··(· ± �FÂ,´g¾ tBÆ»Ã ± �FÂ�´eÃ t>Ä(Ä ¶± �C»8´
½ t>¾ÃÃ§± �FÂ,´eÄ§t>Æ»Ã ± �FÂ,´ÅÂ`t�¶�¼§¶± �FÂ,´g¾ tB»·» ± �FÂ�´e½ t>¼(·½ ± �C»8´
½ t>¾ÃÃ§± �FÂ,´eÄ§t>Æ»Ã ± �FÂ,´ÅÂ`t�¶�¼§¶± �FÂ,´g¾ tB»·» ± �FÂ�´e½ t>¼(·½ ± �C»8´
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 þ8ñ	� âCê��� Ñ�� þ�
	� âCñ��gì`Ñ>ê(ê��	� âCñ��
à�Ý ý Ñ>ý þ�ð�� âCê��eð§Ñ�
 þ��	� âCê��gð Ñ>ü�
(ü	� âCê�� þÑBý��,ì�� âCê���� Ñ>ý(êñ	� âCñ��
æ�þ¡Ô ����� ð,Ô ����� í�� ý Ñ>ýüñ�� âCê��eð§Ñ�
 þ�ý	� âCê��gð Ñ>üñ(ñ	� âCê�� þÑBý��ð	� âCê���� Ñ>ý�ì�ê	� âCñ��

þ ý Ñ>ü��ê�� âCê��eð§Ñ@ì�ð��	� âCê�� þÑ�
ð(ü	� âCê��� Ñ��ñ��	� âCñ��gì`Ñ>ñ§þ�ð	� âCñ��
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�
�
	� âCê��gð Ñ�þ�ì�ü	� âCê�� þÑGì�
ý	� âCê���� Ñ��(ññ	� âCñ��
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ñ�� âCê��eð§Ñ�
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�
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þ�Ô/ðÛ � � � ü ðð(ê þÑ>ê ð Ñ�
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 Ñ��,ì�ñ	� âFì�� þÑ�þ8ýñ	� âCý��
à�Ý ð Ñ>ê������ âFì��eý§Ñ>ê��ê	� âFì��Åì`Ñ�����
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 þ�
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ðý	� âFì��� Ñ>ðý(ý	� âFì�� þÑBð�
ñ	� âCý��eð Ñ>ü���
	� âCý��
ì`Ñ�þ�ì�ð�� âFì��eê§Ñ�
ý þ�� âFì��� Ñ>ð,ì²þ�� âFì�� þÑBð�
�
	� âCý��eð Ñ>ü����	� âCý��

þ�Ô/ðÛKÿ � � ü ðð�ì�� Ñ�� ñ Ñ�
ü���� âCê��gì²Ñ�
ð,ì�� âCê��gð Ñ���
�ì�� âCê�� þÑBý þ�
	� âCê��gì`Ñ>ý��ð	� âCñ��
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ð Ñ>üü�
�� âCê�� þ(Ñ@ì�ê��	� âCê��� Ñ���
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� ð Ñ�þ�ì�ñ�� âFì�� þ(Ñ>êü�
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ð Ñ>ý��ý�� âFì�� þ(Ñ�
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	� âCê��
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Relativistic effects on the polarization of line radiation emitted from He-like and

H-like ions following electron-impact excitation

K. J. Reed and M. H. Chen

Lawrence Livermore National Laboratory

Livermore, CA  94550

Radiation emitted from ions excited by a directed electron beam can be strongly

linearly polarized. Itikawa, et al. [1] reported calculations which indicated that the polarization

is independent of atomic number for H-like and He-like ions when expressed as functions

of incident - electron energy in threshold units.  They calculated the polarization for several

low - Z ions and then determined the polarization for the case of the infinite Z

approximation.  However, they neglected relativistic effects in their calculations.  For low-Z

ions at low collision energies relativistic effects are not significant.  But for higher - Z ions,

relativistic effects on the target atomic structure and the high energy scattered waves are not

negligible, and these effects can significantly affect the cross sections for electron impact

excitation.  Since the polarization of the emitted radiation depends upon the cross sections

for excitation to magnetic sublevels, relativistic effects on the polarization could be significant

for ions with high atomic number.

We made a systematic investigation of relativistic effects on the polarization of

radiation emitted following electron impact excitation of the1s2 →  1s2p(1P1) transition in

He-like ions of Si, A, Ti, Mo, Ba, Au, and U, and the 1s →  2p3/2 transition in H-like ions of

these same elements.

Cross sections for excitation to individual magnetic sub-levels were calculated using

a distorted wave code developed by Zhang and Sampson [2].   Configuration-interaction

type wave functions were used in the target structure calculations which were performed



with a Dirac-Fock-Slater atomic structure code developed for use with the scattering code.

These cross sections were then used to determine the polarization of the resulting radiation,

and relativistic effects were assessed by comparing results of nonrelativistic and relativistic

calculations.        

For He-like ions the polarization of radiation emitted at 90 degrees with respect to

the electron beam is related to the excitation cross sections by

                               P = ( 0 − 1 ) ( 0 + 1 )   , (1)

where σ0 and  σ1 are the cross sections for electron impact excitation from the ground state

to the m=0 and m=1 magnetic sublevels respectively.  

Table 1 shows the polarization of the 1s2p (1P1) →  1s2  line for the He-like ions.  In

the nonrelativistic case the polarization is nearly independent of Z and has approximately

the same value as the polarization for infinite Z given in Ref. 1.  The situation is clearly quite

different when relativistic effects are taken into account.  At incident electron energies of twice

the threshold energy the polarization is 52.44 for Si and remains fairly constant for the whole

range of Z. The nonrelativistic infinite Z value is 53.4.  At incident energies 4 times threshold,

the polarization for Si is 34.51, which is close to the nonrelativistic infinite Z value of 35.30.

However, at these energies, the polarization rapidly increases with increasing Z, and at

Z=92 it has increased to 47.43.  At incident energies 5 times threshold the polarization for

Z=13 is still close to the nonrelativistic infinite Z value, but it increases even more rapidly

with increasing Z. Thus for Z=92, at 5 times the threshold energy, the polarization is 44.69,

which is quite different from the nonrelativistic infinite Z value of 28.7.

In our investigation we noted that the cross section for excitation to the m=0 sublevel

is significantly larger than the cross section for excitation to the m=1 sublevel for all of the

ions.  This was true for both the nonrelativistic and the relativistic results. This preferential

excitation to the m=0 sublevel at lower incident energies occurs because the momentum



transfer is predominantly parallel to the direction of motion of the incident electron at lower

collision energies.  Since this direction is also along the axis of quantization, the orbital

momentum and its projection m, are zero for the incident electron.  These quantum numbers

are also initially zero for the target ion. At much higher incident energies, the momentum

transfer becomes predominantly transverse to this direction.  As a result the ratio of the m=0

cross section to the m=1 cross section begins to decrease rapidly at higher energies.  We

find that for both sublevels the differences between the relativistic and nonrelativistic results

become increasingly pronounced as Z increases.  

The polarization of the emitted radiation depends on the deviation from statistical

population of the magnetic sublevels of the excited states, so the unequal relative changes

in the excitation cross sections at a given energy results in a change in the polarization at that

energy. There is also a noticeable decrease in the m=1 cross sections as a result of

relativistic effects, and this decrease also becomes increasingly significant with increasing Z.  

For H-like ions the polarization of the 2p3/2 → 1s1/2 is given by

P = - 3B0 / (4 - B0) , (2)

where

B0 = (σ3/2 - σ1/2) / (σ3/2 + σ1/2) . (3)

Table 2 shows relativistic and nonrelativistic polarization for the 2p3/2 → 1s1/2 line in H-like

ions for impact electron enrgies of 2, 4 and 5 times threshold.  As in the case of He-like ions

the nonrelativistic results are fairly independent of Z and in close agreement with the infinite

Z results from Ref.1. (Note that we have multiplied the infinite Z results from Ref. 1 by 1.5

to account for the fact that Itikawa et al. used spin averaged 2p cross sections, while we

used 2p3/2 cross sections in our calculations.)   The trends for the relativistic results are

similar to the trends noted for the relativistic results for He-like ions.



 In conclusion, we found that relativistic effects alter the magnitude of the polarization

for the ions studied in this work.  The effects of relativity on the polarization become more

important with increasing collision energy and with increasing atomic number.
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Table 1. Polarization of the 1s2p (1P1) → 1s2  line in He-Like Ions. (Infinite Z values

from Ref. 1).  X is the incident electron energy in threshold units.

     X              Si           A          Ti          Mo         Ba         Au          U           Z=∞

Non-Relativistic

         2           53.80    53.66    53.62    53.56    52.97    53.47    53.51     53.4

       4           35.73    35.36    35.44    35.42    36.06    35.26    35.25     35.3

        5           28.96    28.95    28.93    28.97    27.09    28.87    28.81     28.7

Relativistic

         2          52.44    53.81    53.81    53.87    54.23    54.31    53.40     53.4 *

        4          34.51    37.82    37.85    38.87    41.37    46.07    47.43     35.3

         5          28.29    29.85    30.26    33.59    36.63    41.93    44.69     28.7

* The infinite Z values shown here are nonrelativistic values



Table 2. Polarization of the 2p3/2 → 1s1/2  line in H-Like Ions.   (Infinite Z values from Ref. 1

have been multiplied by 1.5 as explained in text.)   X is the incident electron energy in threshold

units.

        X        Si          A         Ti           Mo          Ba          Au          U          Z=∞

Non-Relativistic

         2      33.83    33.84    33.87    33.87    33.79    33.80    33.83     31.2

         4      19.69    19.69    19.66    19.69    19.67    19.71    19.63     19.3

         5      15.52    15.63    15.56    15.59    15.57    15.62    15.69     15.6

Relativistic

          2      33.93    34.04    34.18    35.10    35.98    38.37    38.55    31.2 *

         4      19.93    20.21    20.76    22.14    23.92    27.29    29.31    19.3

        5      15.84    16.17    16.49    18.57    20.60    23.58    26.76    15.6

* The infinite Z values shown here are nonrelativistic values.
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Abstract

The mono-energetic electron beam in an electron beam ion trap excites ions in a

preferred direction and this results polarized emission. Polarization affects the line

intensity measurement using instruments that collect emission with small solid angle;

consequently, it affects the electron excitation cross-section measurements on such an

EBIT source. We analyzed quantitatively how large are the various aspects of

polarization effects.  We considered crystal reflectivity predicted by different models as

well as depolarization effects caused by the existence of transverse beam energies. We

conclude that the effects of polarization on the excitation cross-sections can be as high as

40% for some of the transitions, and therefore are very important in such measurements.

1. Introduction

Line emission produced by quasistationary ions colliding with electron beam source from an electron beam

ion trap (EBIT) is polarized because the electron sources are unidirectional and monoenergetic. Main

characteristics of such polarized emission have been described by, for example, Beiersdorfer, et al 1992,

1996 and 1999; Gu et al, 1999.  Polarization affects the line intensity measurements using instruments that

collect emission with small solid angle; consequently, it affects the electron excitation cross section

measurements on such an EBIT source. Based on our measurements of the Fe L-shell excitation cross

sections on EBIT-II using both crystal spectrometers and a microcalorimeter, the effects of polarization on

the measurements are analyzed quantitatively to demonstrate the importance of such effects.



2. Experimental measurement

Our experiments were carried out on the EBIT-II device (Levine et al. 1988). The instrument setup is

shown in Figure 1.

Figure 1: Instrumental setup at EBIT-II. Flat crystal spectrometers and

microcalorimeter are used for the measurements discussed in this paper.

Figure 2: Fe spectra taken by the crystal spectrometer and the microcalorimeter

at electron beam energy of 2.1 keV. The three Fe XXIV 3 2 lines marked are:

Li3 (3p3/2  2s1/2),  Li5 (3p1/2 2s1/2), and Li6 (3d5/2 2p3/2).



In addition to the spare XRS detector, we used the flat-crystal spectrometer described by Brown,

Beiersdorfer & Widmann (1999b).  The spectrometer employed a 50 mm × 25 mm × 25 mm thallium acid

phthalate crystal at a 26 degree Bragg angle, giving a wavelength coverage from 9.5 Å to 12 Å (0.9 – 1.2

keV). It had a resolving power of 385 (FWHM of 2.6 eV at a photon energy of 1 keV). For comparison, the

microcalorimeter (XRS)(Porter et al. 2000) had a bandwidth of 0.3 – 10 keV with moderate resolution:

FWHM of about 9 eV at a photon energy of 1 keV. Spectra from both instruments are shown in Figure 2.

This bandwidth allows simultaneous coverage of both Fe L-shell EIE and RR radiation at the electron beam

energies used in our experiment (shown in Figure 3). Iron was injected into EBIT-II using a metal vapor

vacuum arc source (Brown et al. 1986). The ions were trapped for about five seconds. Then the trap was

emptied and filled anew. We chose to analyze only those data collected after ionization equilibrium was

reached, i.e., data recorded at least one second after the injection. Measurements were made at three

electron beam energies: 2.1, 2.5 and 3.0 keV. The wavelength scale was established using line emission

previously measured on EBIT-II (Brown et al. 1999a) and the PLT tokamak (Wargelin et al. 1998).

Figure 3: Fe spectrum taken by the microcalorimeter at an electron beam energy of 2.1 keV.

We measured the EIE cross section by directly normalizing the emission line intensities to the radiative

recombination (RR) line intensities. For charge-state i, the EIE intensity can be described by:

IEIE = GEIE (E) EIET EIE EIEve(E) ne (r)ni∫ (r)d3r (1)

In the case of the micro-calorimeter measurements, G represents the effects of the angular distribution of

the polarized radiation,  is the quantum efficiency of the detector, and T is the filter transmission.   is the

EIE cross section and  the impact electron velocity. The integral of the electron density ne and ion density

ni is over the emitting volume seen by each instrument. For the micro-calorimeter, G = 3/(3 − P)  for

electric-dipole transition where P is the degree of linear polarization (Beiersdorfer et al, 1996). Among all

the parameters, we experimentally measure I,  , and T. The polarization P was calculated using the code of

Zhang, Sampson & Clark (1990). We also took into account the depolarizing effect due to transverse beam



energy of ~200 eV.  Modification on the polarization parameter due to depolarization is given by (Gu,

Savin & Beiersdorfer, 1999b):

    
P = P0

1 − 3E⊥ 2E
1− P0 E⊥ 2E

  (2)

Where P0 is the polarization parameter for an ideal unidirectional beam, E⊥ is the transverse energy of the

actual beam while E is the total beam energy.

The volume integral needs to be determined by normalizing to the RR intensity.

The RR intensities for each charge state are given by:

    
I RR = Gj

RR (E) j
RRTj

R R
j
RRve(E ) ne(r)ni∫ (r )d 3r

j
∑ (3)

The summation is over the fine structure of a given ion, represented by subscript j.  For example, in the

case of electron capture by Li-like Fe to produce Be-like Fe, the ground state fine structure includes 2s2
1/2

(J=0), 2s1/22p1/2 (J=0, J=1), 2s1/22p3/2 (J=1, J=2).  By measuring the RR and EIE intensity simultaneously

with the same instrument, we can eliminate the volume integral and solve for the EIE cross section as:

  

EIE =
G j

RR
j
RRT j

RR
j
RR

j
∑

GEIE EIET EIE ×
I EIE

I RR
(4)

However, as illustrated in Figure 1, the XRS could not fully resolve the 3→2 transition lines. As a

consequence, we had to rely on the crystal spectrometer to determine the individual EIE line intensities. In

this circumstance, the volume integral cannot be eliminated by taking the ratio of Equation (1) and (3)

because two separate instruments were used for the RR and the EIE measurements.  Instead, we first need

to extract the EIE intensity from the crystal data and relate it to that of the micro-calorimeter measurement:

IX
EIE = A ⋅

GX
EIETX

EIE
X
EIE

Gc
EIETc

EIE
c
EIE Ic

EIE
 (5)

Subscript c stands for crystal and X for XRS. For the crystal spectrometer, factor G includes not only the

effect of the angular distribution of the polarized radiation, but also the crystal reflectivity to the polarized

radiation (Beiersdorfer et al. 1992 and 1996; Gu et al. 1999a):

    
Gc

EIE =
1

2
R// 1 + P)( ) +

R⊥

R//

1 − P( )
 

 
  

 

 
  

3

3 − P
(6)



For the crystal reflectivity, we used a value averaged between perfect and mosaic crystals (Henke,

Gullikson & Davis 1993). The geometry factor A represents the ratio of the plasma volume in the field of

the view of the crystal and the micro-calorimeter. We determine this factor by normalizing the intensity of

the two Fe XXIV lines 1s23p1/2→1s22s1/2 and 1s 23p3/2→ 1s22s1/2, labeled as Li5 and Li6 in Figure 2.  These

two lines are well isolated from the other lines and their intensities can be determined accurately.

Figure 4 shows the EIE cross section we measured for various Fe L-shell emission lines.

Figure 4: Comparison of EIE cross sections of Fe L-shell lines between present

measurements and R-matrix calculations at three electron beam energies.

3. Analysis of the effects of polarization on the EIE cross sections

In order to quantify the effects of polarization on the EIE cross section, we calculated the EIE cross section

under different hypothetical conditions.  By comparing the changes on the line intensity (which is directly

proportional to the EIE cross sections, Equation 4), we can estimate the effect of polarization parameters G

including the depolarization effect (Equation 2) as well as crystal reflectivity (Equation 6) on the EIE cross

section measurements using an EBIT source.

1) If we totally ignore the polarization effect, i. e, set P=0, the intensities of electron excitation lines will

be altered significantly, as shown in the top curve of Figure 5. As shown in the figure, the changes for

each line depend on its degree of polarization: there are no changes for lines Be1, Li1 and Li5 for the

lines are not polarized. For Be9 line, the change is over 40%.



2) Two additional factors included in the total polarization effect of the excitation lines are depolarization

factor due to the existence of transverse electron beam energy (Equation 2) and crystal reflectivity

(Equation 5). If we ignore the depolarization factor, i.e. assume P=P0, we would effectively enhance

the polarization effect, as shown in the bottom trace of Figure 5. Similarly, if we assume the crystal has

reflectivity R⊥=R//=1, i.e. it is not sensitive to polarization, we will have changed on the excitation lines

as shown in mid-trace of Figure 5.

Figure 5. Changes on the Fe L-shell excitation line intensities due to three

assumptions: the lines are not polarized (top); crystal reflections are not

sensitive to polarization (middle), and the electron beam is perfectly

unidirectional (bottom).

More detailed analysis of the crystal reflectivity include using two different model calculations.  One

calculation is based on an ideal mosaic model for the crystal, and another on a perfect crystal assumption.

The actual value for the reflectivity is between the results of the two models, (we used averaged values of

the two models in our analysis as shown in Figure 4).  The two lower traces of Figure 6 show the change of

the excitation lines if we choose each model.  It shows that the differences for most lines are less than 5%.

This compares to the 10 – 25% change of the line intensities (Figure 6, top curve) if we ignore the

reflectivity totally.



Figure 6. Changes on the Fe L-shell excitation line intensities from crystal

reflectivity: crystal reflections are not sensitive to polarization (top); reflectivity

using Perfect crystal model, and reflectivity using Ideal Mosaic model (bottom).

3) By converting the polarization effect discussed above to the changes on the EIE cross sections, (as

shown in Figure 7 for an electron beam energy of 2.1 keV), we show that for many lines, if we ignore

the polarization effects on the excitation lines, the EIE cross sections would be significantly higher

than their actual values.

Figure 7. Comparisons of EIE cross section measurements with theory at an

electron energy of 2.1keV.  Circles with error bars: Polarization considered;

Solid dots: the polarization effects ignored.



4) Similarly, we compared the polarization effects on the RR measurements. Because RR was measured

using the XRS, G factor includes only the angular distribution of the polarized radiation. Figure 8

shows the changes of the RR line intensities depending two conditions. The upper trace of Figure 8

shows the change of the RR intensities with the condition that polarization effects are ignored. It shows

that there is about a 25% change on all the Fe L-shell lines.  The lower trace shows that if we do not

consider the depolarization factor – there will be about a 5% change of the RR intensities due to this

effect for all the lines we measured.

5) Ignoring the polarization effects on the RR measurements for the L-shell lines will result in smaller

EIE cross sections than their actual values, as shown in Figure 9.  Similar to the case for excitation

lines, the changes on the EIE cross sections are significant.

Figure 8. Changes on the RR line intensities from polarization effects: (top)

ignore all polarization effects and (bottom) assume perfect unidirectional

electron beam, i.e. ignore the depolarization factor.



Figure 9. Comparisons of EIE cross section measurements with theory at an

electron energy of 2.1keV. Circles with error bars: Polarization considered;

Solid dots: the polarization effects ignored.

Figure 10. Comparisons of EIE cross section measurements with theory at an

electron energy of 2.1keV. Circles with error bars: Polarization considered;

Solid dots: the polarization effects on both RR and EIE lines are ignored.



6) The total polarization effects on the EIE cross section measurements are shown in Figure 10.

Comparing to Figure 7 and Figure 9, although changes for some lines are reduced in some degree due

to the partial cancellation (Equation 4); there are still significant differences present for certain lines

relative to their actual value.  In summary, based on our analysis, various polarization effects play an

important role in the excitation cross section measurements using an EBIT source, and we need to

taken them into account in the data analysis.
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   Abstract

Recent results from x-pinches at the NTF provide experimental evidence for the

existence of strong electron beams in x-pinch plasmas and motivate the development of a new

diagnostic, x-ray spectropolarimetry, for investigating the anisotropy of such plasmas. This

diagnostic is based on theoretical modeling of polarization-dependent spectra measured

simultaneously by spectrometers with different sensitivity to polarization. Results of the first

polarization-sensitive experiments at the NTF are presented.  K-shell emission from Ti x-

pinches is recorded simultaneously by two identical spectrometers with the dispersion plane

perpendicular and parallel to the discharge axis. The spectroscopic analysis of more than eight

Ti x-pinch shots show how spectropolarimetry complements the usual diagnostics of a z-pinch

plasma. The polarization-sensitive spectra, generated by a Maxwellian electron beam at LLNL

EBIT have been collected and analyzed. These data make an important contribution to the

plasma polarization spectroscopy program at the NTF. In particular, the study of multiply-

charged Ti ion spectra help in the interpretation of the polarization-sensitive spectra from Ti x-

pinches at the NTF.



I.  K-shell x-ray spectropolarimetry of Ti x-pinch plasma at the NTF.

The first polarization-sensitive experiments at the Nevada Terawatt Facility (NTF) have

been preformed and prove that the best object for the x-ray spectropolarimetry of high-density

plasma  is  x-pinch plasma. The core of the NTF is a Zebra z-pinch with a maximum voltage 2

MV, a current 1.2 MA, a rise time 100 ns, and a maximum Marx generator energy of 200 kJ

(formerly the HDZP-II z-pinch facility at LANL). A x-pinch produces a bright, small-sized x-ray

source, with a well-defined location. It can yield x-ray spectra of numerous ions with very high

resolution. X-pinches are made by positioning two thin, straight, crossed wires between the

cathode and anode of the Zebra pulsed-power generator, with a wire contact at the axis of the

cathode-anode gap. Two typical configurations of x-pinches were tested: a wire twisted (at angle

of rotation α∪30o) and a planar-loop. The most compact, bright source of x-rays was produced

using a planar-loop configuration. A schematic view of a x-pinch load with a planar-loop

configuration is presented in Fig. 1.

Fig. 1. Planar-loop x-pinch load.

The distinct feature of x-pinches is the existence of a strong electron beam making them

attractive objects for spectropolarimetry. A new diagnostic, x-ray spectropolarimetry, applied to x-

pinch plasmas, can provide detailed information about the electron distribution function and the

magnetic field. Our recent results on x-pinches and x-ray spectropolarimetry have been published

[1,2]. Details of K-shell spectroscopy and spectropolarimetry of Ti ions are given below.

Anode

20 mm

   12 mm

Cathode



Polarization-sensitive experiments on x-pinch plasmas were performed at the NTF in May-

August 2000. The polarization-dependent spectra of Kα line radiation produced by Ti and Fe x-

pinches in more than 15 shots were recorded simultaneously by horizontal (with a slit) and vertical

(w/o a slit) spectrometers (see experimental setup by Kantsyrev et al [2], Fig. 2). The horizontal

spectrometer with a slit provides a resolution along the z-pinch symmetry axis and has a dispersion

plane perpendicular to the discharge axis (channel 1), whereas the vertical spectrometer has a

dispersion plane parallel to the discharge axis (channel 2). Both spectrometers are identical LiF

(2d=4.027 Å) convex crystal spectrometers. The LiF crystal has a spacing corresponding to the

nominal Bragg angle of 40º at the wavelength of 2.6 Å: the Ti lines most likely to be polarized

with λ close to or above 2.6 Å when a strong electron beam is generated.

Time-integrated images of eight selected shots are shown in Fig.3. In these shots, a planar-

loop Ti x-pinch was used as the load (see Fig. 1). The anode is at the top of all images. The

brightest spot is located in the cross point of the wires. The cathode is not seen at the bottom.





The diameter of Ti wires was 30 µ (for the shots 36-41), 76.2 µ (for the shot 47), and 152.4 µ (for

the shot 48). The left image in each picture was recorded through the filter providing the maximum

of radiation with λ1/10 < 2.6 Å, whereas the center and the right side images were recorded through

the filter providing the maximum of radiation with λ1/10 <7.9 Å and λ1/10 <5 Å, respectively. Fig. 3

shows that a x-pinch is a small, almost point source of radiation with λ ≤ 2.6 Å, which was also

supported by 1-D spectral line measurements. The structure of a x-pinch includes energetic

electron beams directed toward the anode and along the wires [1,2]. The experimental estimation

of the widths of the central jet on x-pinch x-ray images and Fe Kα spectral lines (generated on a

steel anode)  has shown  that the electron beam diameter in a high-current x-pinch may be smaller

than 1mm [3, 4]. As a percentage of the x-pinch discharge energy (E≈100-120 kJ) the electron

beam energy is from 2-3 % (for Ti, Fe) to 15-20 % (Mo and W). This is based on the experimental

estimation of the energy needed to generate the observed holes at the points of connection of the

wires with the anode of a x-pinch [3,4].



Typical polarization-sensitive spectra are presented in Figs. 4-5. They include the He-like

resonance line Heα  (1), the most intense line in all K-shell Ti spectra, the intercombination He-

like line y (2), the Li-like satellite line peak (3), the Be-like satellite line peak (3’), the H-like

resonance line Lyα (5), the He-like satellite peak (6), the He-like resonance line Heβ (7), and the

Li-like satellite peak (8). Also, to the right of the peak 3’,  the x-ray spectra include satellite

structures due to B-, C-, N-, and O-like Ti ions and the most prominent peak at the right, a cold

Kα. Three spatially-resolved spectra recorded by a horizontal spectrometer are presented together

with a spectrum recorded by a vertical spectrometer on July 18, 00 (Fig. 5). For the polarization

analysis, the horizontal spectra from the middle were chosen. The horizontal spectrometer records

mostly parallel polarization state whereas the vertical one records mostly perpendicular

polarization state.



 Fig. 6 explains the general trends in the polarization of the major lines: the measured ratio

of the intensities associated with different polarization states III/I⊥ greater (less) than 1 indicates the

positive (negative) polarization of the line. Theoretical calculations estimate that the polarization

of the resonance line Heα decreases from 60% at threshold to 0 (near 7 thresholds). It then

becomes negative. Polarization of the intercombination line y increases from about –33% (at

threshold) to 0 and at higher energies tends to the polarization of the Heα line.



The ratios of intensities associated with different polarization states III/I⊥ for each of the

spectral lines (1, 2, 3, 3’, 5, 6, 7, and 8), and the line ratios of the intercombination line and

satellite lines to their resonance lines (2/1, 3/1, 3’/1, 6/5, and 8/7), from horizontal and vertical are

presented in Tables 1,2. Specifically, Table 1 lists the measured ratio of the spectral line intensities

associated with different polarization states III/I⊥ for four different shots. The ratios show largest

deviation from 1 for the shot on 07/19/00. The ratio for the He-like lines is usually less than 1

(negative polarization), whereas the ratio for most of the satellite peaks is larger than 1 (positive

polarization). For example, the data for the shot on 7/19/00 show that the ratio  III/I⊥  is 0.65 for the

Heα resonance line, 0.66 for the He-like intercombination line y, 0.69 for the Heβ resonance line,

whereas this ratio for the satellite peaks is 1.07 for the peak 3’ and 1.52 for the peak 6.



Table 2 lists the line ratios of the intercombination line and satellite lines to their resonance

lines for the same four shots. The first column for the each shot shows the relative intensities in

a spectrum recorded by the horizontal spectrometer, whereas the second column shows the

relative intensities in a spectrum recorded by the vertical spectrometer. Both spectra were

recorded simultaneously. The third column represents the first column ratio divided by the

second column ratio. The data for the 2/1 ratio from the third column indicate almost the same

polarization for the Heα and y lines. The ratio for the satellite line peaks to the corresponding

resonance lines (3’/1, 6/5, and 8/7) from the third column is larger than 1 for all shots.

Summarizing, the data in Tables 1,2 indicate the positive polarization of dielectronic satellite

peaks produced by the low energy electron beam (3-5keV) and the negative polarization of

resonance lines produced by an electron beam with a much higher energy (>30keV).



X-ray spectral lines of Be-, B-, C-, N-, and O-like Ti ions in the spectral region above

2.6 Å are probably also polarized; relative intensities of corresponding peaks are different in

horizontal and vertical spectra.

 A collisional-radiative atomic kinetic model has been developed to diagnose the

electron temperature and electron beam characteristics of various emitting regions of Ti

plasmas produced at the NTF.  A detailed description of the model is  given in the another

publication of this volume (see Shlyaptseva et al , ibid).  The NTF Ti spectra exhibit features

from H-like Ti to Ti Kα and it is clear that no single region can describe all these features, even

with hot electrons.  The NTF Ti plasmas are taken to have three regions: a hot, dense region

with hot electrons that contributes all of the H-like and most of the He-like radiation, a cooler,

less dense region with hot electrons that contributes He- to C-like radiation, and a cool region

without hot electron that contributes N- and O-like radiation (the Ti Kα line is not modeled).

Three intense Te-sensitive spectral features useful as temperature diagnostics for the high

temperature plasma region are labeled and their dependence on Te and on hot electrons is

shown in Fig. 7.  The intensity ratios of Li-like satellite lines to Heα and Heβ decrease with

increasing Te, while the intensity of H-like Lyα increases. The effects of hot electrons are

similar to the effects of increasing Te.  But if Te and the hot electron fraction f are chosen such

that the increase in the Lyα intensity is the same in both cases, the Li-like satellites will be

more intense with hot electrons than with higher Te. By matching both the Lyα and the Li-like

satellites to the experimental Heβ line, both Te and f of the hot region can be estimated. The

temperature and hot electron dependence of synthetic spectra in the cool region shown in Fig. 8

have a great deal to do with the ionization balance.  The regions of emission from the various

ionization stages He to O are indicated.  At low temperatures, O-like emission dominates.  As

Te increases, so does the ionization balance, and the emission is shifted to higher energies.

Increasing f has an effect similar to increasing Te, but, as in the higher temperature case,

emission from lower ionization stages is retained.  It should be noted that even a very small

fraction (10-4) of hot electrons has a significant effect on the ionization balance at low Te.  This

is not the case for the high Te regions, where significant changes require a few percent of hot

electrons. The development of x-ray spectropolarimetry can complement kinetic modeling with

inclusion of hot electrons by providing an important information on electron beam

characteristics.



   

Fig. 7.  Effect of Te and hot electrons on the “hot spectral region” of Ti spectra.



Fig. 8.  Effect of Te and hot electrons on the “cooler spectral region”  of Ti spectra.



Te and electron beam fractions were determined for Ti x-pinches. For each

experimental spectrum, line shapes were determined. Then, synthetic spectra were constructed

with these line shapes over a Te range of 1-2keV with f from 0-10%.  The best fits of Heγ, Heβ

and satellites, and Lyα and satellites in all experimental cases indicate the presence of hot

electrons in the hot plasma regions. This fitting procedure only determines Te to ± 100eV and  f

to a factor of two, since decreasing Te by 50-100eV and increasing  f  by 0.5-1% in each case

gives fits that are only slightly inferior to the ones chosen.  The temperature of the cool region

without hot electrons was determined by finding the best fit to the N- and O-like features; Te of

the cool region could be thus determined to within 10eV.  The hot electron beam fraction in the

cool region was varied until a good fit with the rest of the ionization stage features was found.

The hot electron fraction in the cool region was determined to within 0.5%. The Ti x-pinch

plasma spectrum was determined to have a hot region with Te = 1.8keV and f = 4% hot

electrons and a cool region with Te =200eV and f = 6.

In conclusion, the K-shell Ti model developed at the NTF is already useful as a

temperature and electron beam fraction diagnostic.  Further improvements to increase precision

and robustness are necessary and well within sight: efforts to include Ti Kα , opacity and

polarization properties of K-shell lines have already begun. The detailed modeling of the

polarization-dependent features of Ti is the subject of another publication.

Polarization in X-ray lines of Fe ions is not observed with these LiF crystals; the

corresponding Bragg angle is 27O , and the measured ratio  III/I⊥   for the resonance line Heα

and an intercombination line y is the same in horizontal and vertical spectra.

II. L-shell x-ray spectropolarimetry

Recently, we have shown that polarization of K-shell line emission can be used to

diagnose the presence of particle beams in plasmas, whereas the polarization of L-shell line

emission can be used to diagnose the magnetic field in plasmas. L-shell spectra of Ti, Fe, and

Mo have been calculated to select the spectral lines most suitable for this diagnostic. The

typical L-shell Mo x-pinch spectrum is shown in Fig. 9.



The brightest lines, labeled with letters 3A-3G, belong to Ne-like Mo. The group of lines

between 3B and 3C is generated mostly by F-like Mo and the groups between 3C and 3F are

mostly Na-like and Mg-like satellite lines. The relative intensities of these features vary from

shot to shot and indicate variations of plasma conditions.

Our calculations for Ti are presented in the another publication in this volume

(Shlyaptseva at all, ibid).  Similar calculations performed for Fe ion lines indicate more L-shell

lines suitable for this diagnostic: Ne-like lines 3A (Rα changes from 0 to 0.63), 3B (Rα

changes from 0 to 0.95), 3C (Rα changes from 0 to 0.11),  and 3D (Rα changes  from 0 to

0.73). The vertical line with channels 3 and 4 (Fig. 2) is ready to be used for L-shell

spectropolarimetry. We did not succeed yet to produce a good quality L-shell Fe spectrum in a

vertical line: one of the reasons is the strong x-ray beam going upwards. Moreover, an analysis

of explosions of different types of Fe-pinches has shown that this element has very different

pinching properties from Ti and Mo. In particular, we have found that Mo x-pinches produce

the brightest L-shell spectra of all elements investigated. It leads us to the conclusion that Mo



rather than Fe x-pinches will be used in future diagnostics of the magnetic field. Such

experiments are under development.

III. X-ray spectropolarimetry of Ti K-shell emission at LLNL EBIT.

A major thrust of the spectroscopy program at EBIT has been to develop techniques to

model, more realistically, the effects of plasma electron energy distributions on the spectra.

The goal is to look for electron temperature diagnostics, and signatures of Maxwellian and

non-Maxwellian energy distributions.  To this end Ti spectra were gathered while the electron

beam energy was swept through a carefully synchronized pattern to replicate a Maxwellian.

The use of two spectrometers with crystals of differing polarization sensitivities to gather

spectra simultaneously allows the determination of the line polarizations. These polarization-

sensitive spectra, generated by the Maxwellian electron beam at EBIT, are making a very

important contribution to the plasma polarization spectroscopy program at the NTF. In

particular, the study of multiply-charged Ti ion spectra will help in the interpretation of the

polarization-sensitive experiments using Ti x-pinches at the NTF. The ability of post-

experiment processing of event-mode EBIT data allows the separation of the dielectronic

satellite lines and structures from the direct excitation lines that are strongly blended in the

plasma environment. This provides the opportunity to study separately the polarization

properties of spectra produced by different processes, and well-defined electron distribution

functions, and to apply the results to the diagnostics of z-pinch plasma experiments.

X-ray line polarization of heliumlike Ti20+ excited by a monoenergetic electron beam at

LLNL EBIT was measured by Beiersdorfer et al [5]. In the present paper we use the same

technique to measure polarization-sensitive Ti spectra but they were generated by a quasi-

Maxwellian electron beam and were accumulated simultaneously using two individual von

Hamos spectrometer setups. The spectrometers observed photons emitted along axes

perpendicular to the electron beam axis, and their dispersion planes were also normal to the

electron beam axis. One spectrometer used a Si (220) crystal and the other one a Ge (111)

crystal. These crystals were chosen because of appropriate integrated reflectivities RII and R⊥

for x-rays polarized perpendicular and parallel respectively to the electron beam axis, which in

turn is parallel and perpendicular to the spectrometers dispersion plane in the present



experimental setup. In particular, the relative reflectivity, R=R⊥ /RII  indicates the polarization

sensitivity of  the  crystal, as the intensity of the observed lines is given by the relationship

Iobs=RII x III  + R⊥ x  I⊥ , where III and I⊥  are the x-ray intensities for polarization components

parallel and perpendicular respectively to the electron beam axis. Using crystals with very

different values for R provides the most polarization sensitivity to the experiment. R is strongly

dependent on the Bragg angle. The Si (220) and Ge (111) crystals have a spacing

corresponding at the wavelengths of interest to nominal Bragg angles of 43O and  23.5O,

respectively. Post-experiment processing of event-mode EBIT data produce two different data

sets: the first experimental data set includes two spectra recorded simultaneously by two

crystals corresponding to the spectral lines produced via electron impact excitation (Fig. 10),

and the second experimental data set includes two spectra recorded simultaneously by two

crystals corresponding to the satellite lines produced via dielectronic recombination (Fig. 11).

Fig. 10. Experimental direct electron excitation spectra of He-like Ti produced by

a quasi-Maxwellian electron beam simultaneously recorded by Si 220 and Ge 111

crystals.



In Fig. 10, the first experimental data set is shown which includes the most prominent

He-like resonance line w at λ=2.6105 Å together with other lines excited by electron impact,

such as He-like lines z, x, and y and Li-like inner-shell satellites of Ti ions, produced by the

unidirectional electron beam with a quasi-Maxwellian distribution function. The comparison

of measured relative intensities of the He-like Ti lines w, z, x, and y, and the Li-like Ti line q

produced by the quasi-Maxwellian (present paper) and monoenergetic electron beam [5] is

presented in Table 3.

Table 3. The comparison of experimental relative intensities of the He-like Ti

lines z, x, and y, and Li-like Ti line q to the line w produced by the quasi-

Maxwellian and the monoenergetic electron beam at LLNL EBIT.

    Present paper          Ref. [5]

Si(220) Ge(111)     Si(220) Si(111)

I1 I2 I1/I2 I3 I4 I3/I4

z/w 0.212 0.335 0.633 0.258 0.343 0.752

x/w 0.068 0.145 0.469 0.102 0.191 0.534

y/w 0.113 0.153 0.739 0.147 0.235 0.625

q/w 0.184 0.255 0.722 0.313 0.316 0.99



The x-ray spectrum of He-like Ti excited by the monoenergetic electron beam was measured at

an energy just above the electron-impact excitation threshold (4800 eV) [5]. From the ratio I3/I4

for four lines z, x, y, and q it follows that the line q has a maximum, positive  polarization

almost equal to the line w and the line x has the lowest, negative polarization.  In the present

paper, the electron beam was set to model a Maxwellian distribution function with TM=2.3 keV

in the energy range from 0.6 keV up to 11.85 keV. To calculate line polarization, the

corresponding cross sections of M-sublevels are integrated over 2.5 times threshold. The

polarization of the line w undergoes a small change for these electron energies, the calculated

value is equal to 58%, which is close to the value calculated for the monoenergetic beam. The

lines z and x have the negative values of polarization at the threshold, which monotonically

decrease with the energy. The line y has also the negative polarization at the threshold, but the

line y is the only one line which polarization undergoes considerable changes from a negative

to a positive value in the range from the excitation threshold up to 2.5 times excitation

thresholds.  The comparison of I3/I4 and I1/I2 for the z, x, and y lines proves that:  the ratio

decreases for the lines z and x and they become more negatively polarized, the ratio increases

for the line y, which become more positively polarized. The comparison of these ratios for the

line q indicates considerable decrease in the value of polarization, which does not agree with

theoretical calculations.  To complete the study of  polarization properties of these lines

produced by a quasi-maxwellian electron beam it is necessary to  include the higher-n satellites

[6,7]. Specifically, we are estimating the contribution of unresolved dielectronic satellites due

to transitions 1s23l-1s2l’3l” into intensities of polarized  w, x, y, and q lines. We have already

succeed in the interpretation of the polarization-dependent spectra of  Li- and Be-like

dielectronic satellites due to transitions with n=2.  Using the same experimental data set and

the same technique, we have resolved  polarization-sensitive dielectronic satellite transitions

with n=3 separately from direct excitation lines and are working on their analysis.  It will

provide us the important answer how the unresolved dielectronic satellite structures from

higher Rydberg states can affect the polarization of resonance and forbidden lines in plasma.



 

By analyzing the second experimental data set (Fig. 11), we studied the polarization properties

of dielectronic satellites of Li- and Be-like Ti, produced by the unidirectional electron beam

with a quasi-Maxwellian distribution function. The details of calculations of atomic and

polarization characteristics of Kα transitions in Ti ions are discussed in another publication of

the same volume (Shlyaptseva at al, ibid.). The comparison of theory and the experimental data

shows encouraging agreement.

Fig. 11. Comparison of experimental and theoretical dielectronic recombination

spectra of He-like Ti produced by a quasi-Maxwellian electron beam

simultaneously recorded by Si 220 and Ge 111 crystals.
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Polarimeter, based on one quartz crystal

 E.O.Baronova, M.M.Stepanenko

RRC Kurchatov Institute, 123182, Moscow, Russia

The first X-ray polarimeter, consisting of scattering graphite, viewing at 90
degrees  was suggested by Barcla [1].  A multipurpose polarimeter, where the crystal
is oriented to reflect the beam in one plane and than rotated to get the second
reflection is described in [2].  The polarimeters of the latter type can be used to
characterize synchrotron radiation, to analyze polarization in magnetic or resonant
scattering experiments, where the X ray sources are stable in space and time.

However for pulsed, irreproducible X-ray sources, like laser produced plasma
and Z-pinch devices, it is not correct to rotate one crystal and to compare the two
measurements taken in two different shots.  One can use a scheme with two crystals
[3], simultaneously detecting the radiation in mutually perpendicular directions and at
a Bragg angle close to 45 degrees.

This scheme works well for point X-ray sources with the assumption that i) the
x-ray source radiates isotropically, ii) the crystals are quite identical, iii) the crystals
are used at a Bragg angle of 45°, and iv) both crystals record radiation from the same
plasma region.

This paper presents the principle of operation and design of a polarimeter,
consisting of a single quartz crystal, simultaneously selecting both polarization
components in the two perpendicular directions.  With this polarimeter criteria ii) and
iiii) are fulfilled automatically; requirements i) and iv) are no longer needed.   The
polarimeter can be used to select and study polarization for eight fixed wavelengths:
for 6 Å, 3.47 Å, 1.32 Å, 0.96 Å in first order of reflection and  for 3 Å, 1.74 Å, 0.66
Å, 0.48 Å in second order of reflection.  For this group of wavelengths, the Bragg
angle is equal to 45° and both reflected components are fully polarized in mutually
perpendicular directions. We think this type of polarimeter is presented for the first
time.

Principle of operation

We consider here how the ideal polarimeter operates.  Let us assume we have
two groups of crystal planes, group A and group B, oriented at some angle P one with
respect to another.  In Fig. 1 the flat crystal sample is shown.  On the front surface the
particular crystal planes A and B are marked by dotted lines.  Investigated radiation
comes along ray P12 and  is reflected in P1 and P2 directions by planes A and B,
correspondingly.

To select polarization components along P1 and P2 directions it is necessary to
satisfy two conditions: to reflect each components at a Bragg angle equal to 45
degrees, and in mutually perpendicular directions.  Let us find an angle P between
planes A and B, which would satisfy the above mentioned conditions.  We will use
the following notation:
P1 - polarization component, reflected at 45 degrees from planes B,



P2 - polarization component, reflected at 45 degrees  from planes A,
θI – incident angle with flat crystal surface,  i.e. the mechanical plane,
θB – Bragg angle with polarization planes A and B, if this angle is equal to 45
degrees, each polarization component has 100% reflection coefficient in the case of
ideal crystal.
P – angle between planes A and B.

From the geometry one can obtain the main relationship for the single-crystal
polarimeter:

                    SinθB = SinθI * Sin(P/2)                                                   (1)

                                       Fig.1. Geometry of polarimeter

where θB = 45°, as the first general condition for ideal polarimeter.
Further geometrical considerations give the next expression to an angle

between two polarized components P1 and P2:

                    P1OP2 = 2arcsin (cos2θB + sin2θB cos2P/2)1/2                  (2)

The angle P1OP2 should be equal to 90 degrees due to the second condition for an
ideal polarimeter.  It is easy to see, that equations (1) and (2) are only satisfied if
∠P=120°.   Therefore the angle P between reflecting planes A and B should be equal
to 120°.   This means that the natural hexagonal structure of quartz crystal is
ideally suited for such a polarimeter.

We present here the fundamental  formulas for the polarimeter, based on  a
single quartz crystal.  These formulas describe the basis of the polarimeter and can be
applied to determine the geometry of an experiment, i.e., the directions of  incoming
and reflected beams with respect to the mechanical crystal surface and the positions of
the detectors.

Formula (1) for quartz  crystal polarimeter looks like:



                                            SinθB = SinθI * Sin60                                              (3)

Therefore if  θB = 45°, then θI = 54.7°.  So, the incident angle with the mechanical
plane for the investigated radiation should be 54.7°.  For a given intermediate crystal
distance the wavelength is fixed and can be calculated from Bragg’s law at a
reflecting angle of 45°.
             Formula (2) for quartz crystal:

                               P1OP2 = 2arcsin 0.5(1+3cos2θ1)
1/2                         (4)

The angle P1OP2 should be equal to 90 degrees as it is necessary for an ideal
polarimeter.
It is easy to see, that if  θI = arcsin (SinθB/Sin60) = 54.7°, than P1OP2 = 90°. This is
a build-in check of the formulas presented.

To determine the coordinates of a detector for the P1 and P2 components it is
useful to know the angle B1OB2 between the projections of rays P1 and P2 on the
mechanical plane:

                                            ∠ B1OB2 = 2 arctg (tgθI * tg30)                              (5)

If  θB = 45°,  θI = 54.7°,  ∠ B1OB2 = 78.3°.
In practice, especially when one investigates spectra emitted from plasma, it is

not possible to find a crystal plane that reflects the particular wavelength at 45
degrees.  In this case formulas (3)–(5) permit a calculation of the exact corresponding
angles and coordinates to detect the polarized components.  The relative intensities of
polarized components is proportional to cos2θB for an ideal crystal and proportional
to cos22θ for a mosaic crystal.  Actual crystals are between these two types.

                      Fig.2. Four-face prism polarimeter



Figure 2 shows the polarimeter, made like a four-face prism. This design
allows studying polarization for eight wavelengths in first and second orders of
reflection.  Each face of the prism is parallel to a particular cut of the quartz crystal,
shown outside prism.  Corresponding polarizing X-ray planes are marked inside
prism. The cuts and wavelengths are presented in above table. The degree of
polarization is also calculated for He-like Ar and K, reflected from the 11(-2)0 cut.
This polatimeter has been manufactured, and we plan to calibrate it in order to
estimate the degree of mosaicity of quartz crystal.

A photo of the polarimeter is shown in Fig.3.

         Fig.3. Photo of polarimeter
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