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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-1I
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 deads 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
adiagnostic 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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"Plasma Polarization Spectroscopy---Past, Present and future Scope”
Takashi Fujimoto, Kyoto University, Japan

"Measurement of the degree of polarization of the spectrafrom laser produced Al
plasmas’
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Yong Kim, Lehigh University, USA
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RAS, Russia
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We will meet for busesin 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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Plasma Polarization Spectroscopy:
Past, Present and future Scopes

Takashi Fujimoto
Kyoto University

Abstract: The developments of the plasma polarization spectroscopy (PPS) research over the last 35
years are reviewed, and an overview of its present status is given. It is noted that, at present, one of
the important tasks is quantitative interpretation of the observed polarization data in terms of the
plasma anisotropy. As a background for that direction the population kinetics of excited levels are
reviewed on the basis of the collisional-radiative ‘model for the ionizing plasma and for the
recombining plasma. It is pointed out that, for the purpose of relating the observed polarization to
the anisotropic velocity distribution of plasma electrons, the population-alignment collisional-radiative

model is a basic tool.

1. History and present status of PPS

In the middle 1960’s, spontaneous polarization of emission lines from plasma was discovered by
three groups. This was the starting point of Plasma Polarization Spectroscpy (PPS). The first was
the observation of polarization of neutral helium lines from a high-frequency discharge by Lombardi
and Pebay-Peyroula in 1965. A little later, Kallas and Chaika (1969), and Carrington and Corney
(1969), almost simultaneously, reported polarization of neon lines from DC discharge plasmas.
Interestingly, they had little knowledge of other groups” work. This new phenomenon was named as
the self alignment. The origin of polarization of light, or of the alignment in the upper-level
‘population’, was attributed to directional collisional excitation by electrons or to radiation trapping in
the anisotropic geometry.

In the 1970’s — 80’s the self alignment phenomena of various origins were discovered and
investigated vigorously on various discharge plasmas, mainly in the former Soviet Union. Gradually
it became realized that PPS is a promising new technique which would give us valuable information of
the plasma, i.e., its anisotropy, to which no other ordinary spectroscopic technique has an access.
Thus, the target of PPS observations expanded to a variety of plasmas, and this trend continues still
now. These developments are summarized in Fujimoto and Kazantsev (1997).

In such a circumstance, the first US-Japan Workshop on PPS was held in 1994 in Los Alamos.
In 1998 a joint Workshop on PPS was held in Kyoto (Fujimoto and Berierdorfer, 1998). The present
Workshop is the continuation of this series.

In the following we will have a brief look at the historical developments and the present status



of PPS.

An element always important in PPS research is the instrumentation. For stationary discharge
plasmas, an experimental setup, based on the Hanle effect, was developed which was capable of
measuring polarization as low as 107 (Kazantsev, 1983a). For a variety of discharge conditions, self
alignment produced by anisotropic electron impacts, ion collisions, or trapped radiation was realized,
and even the self alignment due to the ion drift motion was discovered (Kazantsev ef al., 1987). By
using the Hanle effect, the lifetime and an alignment destruction rate coefficient (cross section) of
excited atoms by atom collisions were determined for many atomic species. Various possibilities of
plasma diagnostics were demonstrated: obtaining the quadrupole moment of the electron velocity
distribution (Kazantsev, 1983b); determining the energy input in a high-frequency discharge (Drachev
et al., 1991a); determining the electric field (Demkin and Kazantsev, 1995). The term Plasma
Polarization Spectroscopy was first introduced by Kazantsev et al (1983). An interesting
observation was on an atmospheric-pressure argon arc plasma; ionized argon lines showed
polarization and this was quantitatively interpreted as due to the anisotropic velocity distribution of
clectrons (Margolin ef al., 1983).

An important target of PPS is the solar atmosphere; Atoms in the solar prominence is
illuminated by the light from the solar disk, and the photoexcitation is anisotropic. The alignment
thus produced is perturbed by the magnetic field present there. From the direction and the magnitude
of the observed polarization of a helium line, for example, the direction and the strength of the
magnetic field is deduced (Sahal-Bréchot ef al. 1977, Bommier ef al., 1981). Solar flares, in which
anisotropic excitation of atoms and ions by electrons having a directional motion would produce
alignment, are also the subject of PPS observation (Hénoux and Chambe, 1990). Vacuum sparks and
plasma focuses are also the target of PPS research. Polarization is observed on heliumlike lines in
the x-ray region (Walden er al., 1999). However, the difficulty stemming from the observation
geometry sometimes makes the interpretation complicated, and efforts to improve the instrumentation
are being continued (Baronova, 2001). The so-called x-pinch is now being investigated vigorously
(Mancini, 2001, Shlyaptseva, 2001).

The first PPS observation on a laser-produced plasma was made by Kieffer er al. (1992) on
heliumlike aluminum lines. They interpreted the polarization as due to the nonlocal spatial transport
of hot electrons from the superdense plasma to the underdense plasma. Another observation was
performed by Yoneda ef al. (1997) on heliumlike fluorine lines. The intensity distribution pattern of
the resonance-series lines and the presence of the recombination continuum clearly indicates that the
observed plasma is in the recombining phase. Interesting findings are that the recombination
continuum is polarized, and that the resonance-series lines (1'S — n'P) are also polarized. The first
point indicates that the velocity distribution of the low-energy electrons which make radiative

recombination is anisotropic: more directional to the direction of the target surface normal. This is



against the general understanding that low-energy electrons thermalize very rapidly. The second
point indicates that owing, probably, to the anisotropic elastic collisions by electrons, #'P upper-level
populations are aligned: among the m, =0, &1 magnetic sublevels, the m; = 0 level is more populated.
No interpretation of this experiment has been made so far. A new experiment is being performed
(Kim and Kim, 2001). Kawachi ef al. (1995) examined polarization of the neonlike germanium x-ray
laser line of 19.6 nm. The transition was 2p53p - 2p53s /=0->1), so that the spontaneous
emission of this line is never polarized. The observed polarization was ascribed to the alignment of
the 2p°3s lower-level population, which was due to the anisotropic radiation trapping, 2p° <> 2p°3s.
Magnetically confined plasmas including tokamak plasmas are also the target of PPS
observations. MSE (motional Stark effect) is now a standard technique to determine the direction of
the local magnetic field, and thus to determine the current distribution in the plasma (Levinton et al.,
1989, Den Hartog, 2001). The Zeeman effect is also utilized for plasma diagnostics (Goto, 2001).
Fujimoto et al. (1996) first reported the polarization observation on carbon and oxygen impurity
emission lines from a tokamak plasma. They used a calcite plate incorporated into the spectrometer
as a polarization resolving element. Anisotropic distributions of electron velocities were suggested

as the origin of the observed polarizations.

Polarization of emission lines and continuum may be attributed to several origins. Class 1
polarization is the result of anisotropy of space, or the presence of an electric field or a magnetic field:
this class is nothing but the well known Stark effect or the Zeeman effect. The MSE mentioned
above falls in this category. Recently, another possibility of this kind is proposed (More, 2001), but
in this case, the field is an anisotropic electromagnetic waves that are resonant with the Zeeman
splitting of the level. Class 2 is the polarization resulting from directional excitation of atoms and
ions. The colliding agent would be electrons, ions, photons or even atoms. Radiation trapping in an
anisotropic geometry is included in this category. In the next section we will concentrate on the
Class 2 polarization of atoms and ions produced by directional collisions of electrons in an anisotropic

plasma.

2. Quantitative interpretation

For the purpose of plasma diagnostics, for instance, quantitative interpretation of the observed
polarization is essential. With the aim of quantitative interpretation of polarization, we first review
the population kinetics of atoms and ions in plasma under various plasma conditions. We assume the
Maxwell distribution for electron velocities with a certain electron temperature and varying electron
density. In this regard, the following pictures have nothing to do with the polarization problem. We
take neutral hydrogen as an example of atoms and ions in plasma.

Figure 1 shows schematically the structure of excited level populations of atoms or ions in



plasma. The population of an excited level p consists of two components: #,(p), the ionizing plasma
component which is proportional to the ground-state population n(1), and #y(p), the recombining

plasma component which is proportional to the ion density #,. Here p=1 means the ground state and

© L |
P n(p) = |ny(p)| + | n;(p)
n(l)
1 n(l)

Figure 1. The structure of excited-level populations in plasma.

z means the ion. Both the distribution of n,(p) over p and that of ny(p) are functions of electron
temperature and density. An important point is that, in the majority of laboratory plasmas, either of
the components is predominant and the other component is negligibly small.  This is the result of the
gross departure of [n,/n(1)] from the value the plasma would take if the plasma were in ionization
balance.  In other words, both the components could be of similar magnitudes only when the plasma
is in ionization balance. Thus, many plasmas are classified into either the ionizing plasma or the
recombining plasma. We simply call the system of #,(p) the ionizing plasma and that of #,(p) the
recombining plasma. Figures 2 and 3 show the overall pictures of the population fluxes among the
energy-level diagram for the ionizing plasma and the recombining plasma, respectively (Fujimoto,
1979a, 1979, 1980a, 1980b); In Fig. 2, we assume 7, = 1.28 x 10° K, n, = 10'> m? (top), 10'® m?
(middle) and 10 m™ (bottom), and n, = 0. In Fig. 3, we assume 7, = 10> K, n,— 0 (top), 10* m™
(middle) and n, — o (bottom) and n(1) = 0. The blank arrows indicate the transitions induced by
electron collisions and the hatched arrows the radiative transitions. The thickness of each arrow is
proportional to the magnitude of the flux, or the number of the events per unit time and unit volume,
of the transition. It is seen that, except for the cases of low density as shown at the top of Figs. 2 and
3, the population kinetics are rather complicated in both the plasmas. They are essentially of a
collective nature.

We now suppose that the velocity distribution of our electrons is anisotropic. Even in this case,
the overall population kinetics are expected to be much the same as those given in Figs. 2 and 3, and
now new features would appear that are due to the anisotropy of the distribution. When we observe

an emission line and find it to be polarized, its upper level would be-in a situation similar to the one as
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shown in these figures. Thus, for the purpose of quantitative interpretation of the observed
polarization, we have to ask two questions first;

Question 1: s this plasma ionizing or recombining ?

Question 2: Is this plasma density low enough or rather high ?

Depending on the answer to these questions the plasma is classified into one of the four situations:

Various situations of polarization phenomena

Ql low density high density
Q2

ionizing plasma 1 2

W
N

recombining plasma

We investigate below each situation.
Situation 1

As Fig. 2, top, shows excited levels are in corona equilibrium, and the important process in the
population kinetics is the direct excitation from the ground state. ~ Substantial body of atomic data of
the relevant cross sections exists now (Sampson, 2001; Beiersdorfer, 2001, Neil, 2001; Csanak, 2001).
The interpretation of polarization is rather straightforward, but if the produced alignment is relaxed by
clectron or atom collisions these effects should be properly taken into account. Sometimes, radiation
trapping, especially to the lines terminating on the ground state, tends to destroy the alignment. It
could also produce alignment as noted at the beginning of this article.
Situation 2

Besides the direct excitation from the ground state, the indirect excitation from the metastable
levels or from closely-lying adjacent lower levels become important, or they even predominate.
These intermediate levels may be aligned, too, and this alignment may be transferred to the level with
which we are concerned.  Elastic collisions may destroy the alignment, but they could also create
alignment, because they are directional. Almost no atomic data exist for these processes. In a
theoretical interpretation, all these effects should be treated self-consistently. The population-
alignment collisional-radiative (PACR) model is the kinetic model which is intended for this.
Recently, an almost complete formulation of the PACR model has been constructed for berylliumlike
oxygen (OV) and it is applied to the PPS observation on a tokamak plasma (Iwamae et al., 2001).
Situation 3

Radiative recombination and radiative transitions are only the processes involved. Radiative



recombination of directionl electrons has been investigated by several workers, and a few atomic data
can be found (Scofield, 1989; Scofield, 1991).
Situation 4

As in Situation 2, the population kinetics are essentially collective. A PACR model would be a
method to cope with this situation, but no model has been constructed so far. One of the difficulties
is with the three-body recombination, which is the starting point in the population fluxes. Almost
nothing is known when the electron velocity distribution deviates from the Maxwell distribution. A
formulation is needed in which the anisotropic three-body recombination is expressed quantitatively.
Another difficulty is the presence of a large number of rydberg states. In contrast to the case of the
Maxwell distribution, we cannot assume LTE populations. Rather, these levels would be less
populated, and these populations would be aligned. Other problems are essentially the same as in
Situation 2. In this case, alignment relaxation and alignment creation by trapped radiation should not
be forgotten. The experiment by Yoneda et al. falls in this situation, and, naturally, its interpretation

is yet to be done.  An attempt in this direction is being made (Kawakami and Fujimoto, 2001).
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0.1 Introduction

Polarization spectrometry of ionized media was actively developed during last two
to three decades. New theoretical approaches have been elaborated and extensive
experimental data have been obtained as well. These experimental data stimulated
the theoretical studies of polarization phenomena. Basic theoretical principles of
the polarization spectroscopy and a number of applications of these principles are
described in the books [1, 2, 3].

Methods of the polarization spectroscopy were successfully applied for the de-
scription of processes in the gas discharge plasmas [4], the hydrogen ionized medium
of the Solar chromosphere [5], the high temperature plasma [6], and the diluted
plasma of the higher Earth Atmosphere [7].

The polarization of emission stems from non-equilibrium distribution of the pop-
ulations of the magnetic sublevels of atoms or ions. Many physical processes may be



responsible for creation of non-equilibrium distribution of these populations. These
processes lead to the anisotropy and polarization of the emission. Therefore the
spectropolarimetric and angular data, can give new information about the processes
that take place in plasma.

The present report is mainly focused on the description of the polarization prop-
erties of the emission that results from the general properties of atomic ensembles
undergoing different types of interactions.

1 Polarization moments and its physical meaning

The wave function of an atom of the ensemble can be represented as the decompo-
sition over the complete set of eigen functions of the operator of the square of the
momentum and its projection ; ,,

j7m
where the symbol r denotes the set of space coordinates and F£; is the energy of
the state with the momentum j.
The description of the properties of an atomic ensemble is best done using the

density matrix formalism. the density matrix is defined as an ensemble averaged

products W(r, t)¥(r, 1)

p= 2 (CmCm) bimWi = 2 Pimigron Cim ¥ (1.2)
Jymyg’.m! Jm,gtm!

where the angular brackets denote the average over the ensemble and p; .7
are the matrix element of the density operator in the j,m representation.

It is well known [8] that that with the products of functions v; 1% ., the direct
product of the representations DU) @ DU)" is realized.. It is convenient to introduce
a new basis (that is often named as the k — ¢ base) on which this direct product
is decomposed into the irreducible parts. Elements of this basis are expressed in

terms of the linear combinations of the products ;v whereas the coefficients

of these combinations are given by the Clebsch-Gordan coefficients [9]. Elements of
the density matrix in this new k& — ¢ basis are known as the polarization moments

- mt | .j/ k
PG = > (-1) [ ]pj,mj/,mf (1.3)

!
m —m
mom! q

The polarization moments may be considered as the decomposition coefficients
of the density operator over the set of irreducible tensor operators qu [9]:

i) = Y k()1 (14)
k,q
Since the irreducible tensor operators satisfy the orthogonality property
Sp; (qufqﬁ”) =0 iof k#kand q#q, (1.5)

where the trace is spread over the state with total momentum j, the polarization
moments may be defined by the formula



pt(G) = Sp; (pT)) (1.6)

This relation coincides with (1.3) if the reducible matrix element of the operator

qu is chosen such that
Gl = 5 17

Polarization moments have a deeper physical meaning with respect to the den-
sity matrix elements in jm representation. They describe the ordering of angular
moments of exited atomic ensemble.

The zero rank polarization moment that is diagonal with respect to the angular
moments is proportional to the population of the state n; under consideration.

00 o _ 2omPimiim n;
5 = - = - 1.8

po (JJ) IED! IES (1.8)

The physical meaning of polarization moments of the higher rank can be inferred

by considering of the ensemble average at the state with total momentum j equal
to irreducible tensor operator of rank k:

(18) = S5 (1) = S|P 0) g (G177, o) (19

JJ

One can see from this relation, that the ensemble average at the state with the
total momentum j value equal to g—component of the irreducible tensor operator
of the rank k is a linear combination of polarization moments of the same rank.

__ As the Hamiltonian and the operator of the square of the angular momentum
42 and its projections J; (1 = x,y,z) commute, the matrix elements of j(f, which
is an irreducible tensor operator, constructed from components of the total angular
momentum are diagonal in terms of values of the angular momentum. Therefore if
j[f is the operator of the type mentioned above, the relation (1.9) will take the form

~ -~ 27 +1
() = (7490 e (=176, () (1.10)

Or, in the other words, the mean value of a irreducible tensor operator j;“ is the
linear combination of the polarization moments of the same rank. Hence, the mean
value of the tensor qu , which is transformed as a vector under the space rotationsis,
is the linear combination of the quantities p; (¢ = 0,4+1) ,. With the help of the
last formula one can obtain the relation for the mean values of circular components
of the total momentum

<32>:¢2j(2j—|—1)(2j—|—2) .

1
o o (7.7)
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Three components of the tensor p, are named as the orientation vector. The
values p; (¢ = 0,%1) are closely linked to the vector of the magnetic dipole moment
of an atomic ensemble. It depends on Lande factor ¢g; , Bohr magneton g, and and
the mean value of the total angular momentum (j) according to

7 = gm0 ) (1.12)

Five elements of pg (¢ = 0,£1,42) are named the alignment tensor. Under the
space rotations this tensor transforms over the D) representation of group of three
dimension rotations, and the components of this tensor define the averaged over
the ensemble linear combination of the pair products of components of the angular
momentum, as illustrated below:

(32— ) - V25— 1)2j(2) ;;;;(2j £+ s

@n+gm=¢w%_mmwi%%+mw+aéw> (1.136)
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The quantities p}(j,j'; ) are p?(j, j'; t) are known as the orientation an alignment
of the state with the total atomic momentum 5. Components of the alignment tensor
pe(4. 7' t) , pr2(d,7';t) , and pi,(J,5';t) can be named as longitudinal, inclined, and
transverse alignment respectively. Formulas (1.13 ) are schematically illustrated at
the fig. 1 (plots a-c).

The physical meaning of the first formula of last relations can be illustrated at
the fig. 1 (a), where the angular dependence of the quantity is represented:

Jcos?d —1 <332 —32>
2 =5 =

According to formula (1.13a ), this value is proportional to the longitudinal

(1.14)

alignment p? of the state with angular momentum 5 = 1. If all moments are parallel
to the OZ axis ({cos?) = 1), the degree of alignment is a maximum and equal to
1. If the momenta are perpendicular to this axis ({cos ) = 0) the alignment will be
minimized and equal to —1/2. For (cosd¥) = 1/v/3 (¥ ~ 54.73°), the longitudinal
alignment is absent, while the atomic ensemble is ordered. This angle is often named
as the "magic” one. For the axially symmetric system at the "magic” angles only the
population and the zero-order components of the higher-rank polarization moments
can exist. It means that for axially symmetric ensemble of particles with the angular
moments j = 1 at the "magic” angle, only population present, although the moments
are ordered. This phenomenon may be used to create nonaligned ensembles under
typical experimental conditions with the axial symmetry in excitation process [10].

If the system a certain symmetry, the polarization moments should be invari-
ant with respect to operations of the some group. Under the set of operations of



the rotation group {g} the eigenfunctions of the Hamilton operator ¢, ,, transform
according to the representations of this group:

Ghim = DY) s (1.15)
J
Polarization moments, as it was mentioned above, transform according to one of
the representations used to decompose the direct product D) @ DU)*,
In the case of the spherical symmetry, polarization moments transform over the
representation of the rotation group DWW:

~ k
gk =3 DW ok, (1.16)
q/

) _

Because Dy = 1, only polarization moment of zero rank will be invariant under
the operations of the rotation group. This means, that in spherically symmetric
ensemble only the population can be induced.

In the case of the axial symmetry, the polarization moments are invariant over
the operation of the C, group [8]. The transformation of polarization moment under
the operation of rotation with angle ¢ around the axis of symmetry may be written
as

§p]q“ = eiq"pg. (1.17)

From this relation it is clear, that in the axial symmetry ensemble only the
polarization moments with the zero components are not zero,

If the system has a plane of symmetry [p — —p; see fig. 2|, the wave functions
under the reflection operation are transformed as 7,,%;,, = (—1)"¢; _,, . Therefore
the transformation of the polarization moments takes the form

Goupt = (—1)FT1pF (1.18)

This relation together with the properties of the polarization moments with
respect to the operation of complex conjugation, (,olq“)* = (—1)‘1,0]1,1, results to the
relation

ok = (—1)%s} (1.19)
from which one can see that all polarization moments of the odd rank are purely
imaginary whereas even rank polarization moments are real.

In analogy, the symmetry of the system over the operation of reflection in the
ZY plane (the transformation of polar angle ¢ — 7 — @) leads to the symmetry
property

k k—q k
o = (=171 (1.20)
With the help of relation (1.19 ) one have that in this case the moments with
even k — ¢ are real and with odd k& — ¢ are purely imaginary.
If an atomic ensemble is excited to a state which is characterized by the value of
the total momentum 7, then the intensity of the radiation emitted by the transition



j — jo will be polarized in the direction defined by the unit vector € and may be
written

L=1, Y {jomol|(22,d)

mo,m,m’

d.m) (o. o (21, 1)

j, m/> pj,m;j,m’ (121)

Here Iy is a constant that depends on the fundamental constants and d is the
vector of dipole moment. Decomposing the unit vector of polarization over the
circular unit vectors [9]

7 =Y aVe, (1.22)
q

one can obtain a more convenient relation for the intensity of the dipole emission:

1 1 k&
I, = JOZ(—l)’“{ S }cb,w (eX) ok, (1.23)
kg J J Jo
Here the expression in {} is the Wigner 65 symbol. Iy is the factor that contains
the constant Iy and the oscillator strengths and @, (e_,\>) is known as the polarization
tensor.

Ory (20) =Y (—1)' Ml l Lok ] . (1.24)
= ¢ —q q
The significance of this formula comparing with (1.21) is that (1.23) is repre-
sented by two principally different parts. The first is the geometry of the obser-
vation, that is defined by the polarization tensor and the second is the dynamical
characteristics of emitting system, that are defined by polarization moments.

From the relation (1.23) one can see that due to the properties of 65 symbol,
the intensity of the polarized dipole radiation is given by the linear combination
of the polarization moments with rank not higher than two. The moments of the
higher orders are named as the "hidden” ones. They are not presented in the dipole
radiation, but they can influence indirectly on the polarization characteristics of an
atomic ensemble.

Detaching in formula (1.23) the term with k& = 0 one have

(_l)jﬂ'o-l-l 2 11 k

Now one can see that the expression for dipole emission intensity consists of the
isotropic part, which contains the polarization moment of zero rank as a multiplier,
and the anisotropic part, which contains the polarization moments of higher order.
Therefore, in the dipole approximation, the anisotropic part contains only compo-
nents of the orientation vector and the alignment tensor. Or, in other words, the
components of these tensors define completely the intensity of the dipole emission.

Measuring of the anisotropic part of the dipole intensity may give information
about the ordering of the angular moments in the ensemble under consideration,



and therefore information about dynamical processes that lead to such an ordering.
As is clear from (1.25 ), the anisotropic part of intensity may by obtained as the
difference of intensities measured in two orthogonal directions. For instance, if
OX axis is selected as an axis of observation, then one can measure two unequal
differences and the sum of intensities:

. 3 5. .
Iy = 1. = IoK, [\/;Pg(.?) + Beﬂ%(])] (1.26a)

Lyt — Ly~ = 21Ky Impi(5) (1.26b)
Iy —I_ = IoK Imp;i(5) (1.26¢)
2 N . 1 . .
L+1 =1 {ﬁﬂg(J)BO + K —\[gp?)(y) + Rep%(])] } (1.23d)
where introduced a factor
Kb = (=170t /325 + 1) { bk } (1.27)
J 7 Jo

The notations I, and I, denote the intensities polarized in the directions of OY and
0Z axis; Iy and I_ - intensities polarized clockwise and counterclockwise around
OX axis; [+ and [,,- are the intensities polarized over the diagonals of the first
and the second squares of the Y Z plane.

The first of expressions ( 1.26a) is illustrated by fig. 1 (plots @ and ¢ ). If
OX axis is selected as the direction of observation, then the imaginary part of
the inclined alignment (fig.1 (b)) will be invariant to the replacement OY and OZ
axis therefore this term did not present in the difference of the intensities. By
contrast, the longitudinal and the transverse alignments are not invariant under
this substitution, and these types of ordering are present in the differences of the
intensities. As for formula (1.26¢ ), according relation (1.11 ), Imp}(j) ~ (j,), and
the value j,),=1 = sindsing . The plot of this value is represented at the fig. 1 (d).
Since the plotted figure is not invariant under rotations around the OX axis, the
difference I — I_ is not zero. The difference of intensities (1.26a ) and (1.26b ) may
be called the signals of longitudinal and inclined alignment, respectively, whereas
the difference (1.26¢ ) may be called the orientation signal.

The signals of alignment are not normally used because they contain unknown
parameters through the factor Ip. Instead, the Stokes parameters, that are ratios
of the difference and the sum of intensities are measured. The relations (1.26a )-
(1.26d) give the opportunity of constructing three parameters:

ol _ 395(4) + VO Rep(j)
L+1. 2v2p0(5) 52 — p3(5) + VB Rep3(j)
_ I _ _ 2Impi(j) (1.28)
Lyt + Ly~ 2v2p8(5) 5% — p3(4) + V6 Rep3(5)
I, — I 2V61mp}(j)

V —_= —_= — - - —
L+ 1 2/2p3(5) 5 — (p3(5) — VBRep3(j)) 52




2 The evolution of the density matrix.

If W (r,t)is the wave function of a particular atomic ensemble under consideration,
then this function is the solution of Schrodinger equation

ih%\ll(r,t) = (Ho + V) W(r,1) (2.1)

where Hy is the Hamilton’s operator of an isolated atom and V describes the inter-
action of this atom with the environment.

If 4, 1s the set of eigenfunctions of the square of the total momentum and
projection, the wave function W(r,?) can be decomposed over this set its

E o (8) i (r) e~ 11 (2.2)

Substituting last decompos1t10n into (2.1), the system of differential equations
over the coefficients ¢; (1) takes the form

d
dtc]’m Z VimjtmiCir m’( ) (2-3)

Now we introduce the density operator

plr, 15 ) = (W(r, )W, 1)) (2.4)

Here the angular brackets denotes the averaging over the ensemble, with the help
or relation (2.3) one can obtain the equation for the density operator

gt V. 5] (2.5)

which is known as the Liouville equation. In the representation of the polarization
moments for a single-level approximation the relation (2.5) takes the form

@ kok
ihorpy () = 22 Wil (e (4) (2.6)
ki,
where the relation for matrix elements W may be given by the formula first

7,91

obtained by Fano [11]

ik ki ky k
Whk () =2 D22k + 1) (2K, + 1 Jo N L yke gy | B
o kzz,q:z \/ H) (2R +1) kl ky g 2 (7) Q1 Q2 q

(2.7)

Here Vq];Q (7) is the decomposition coefficient of the interaction operator over the

irreducible tensor operators, and the sum is spread over those values of k; that cause
the sum (k1 + k2 + k) to be odd.

It should be mentioned that the equation (2.5) is not suitable for consideration

of the collisional problems, that are usually connected with the redistributions of

populations between atomic levels. Therefore examining the collisional problems it



is more convenient to proceed from equation ( 2.3), the solution of which give an
opportunity to construct the element of the density matrix by the formula

Pjmij'm! = <CJ7mC]’ m! > (2.8)

For the solution of equation (2.3) the ”following” system of reference XYZ is
always introduced. The axis OZ of this system is directed at the projectile and
the X7 plane coincides with X Z of collisional system XY Z. The OZ axis of
the collisional system is directed antiparallel to the direction of relative velocity of
colliding particles (see fig .) In the system XY Z the eigenfunctions of the square of
momentum and its projection v; ,, will depend on ¢. The last leads to the appearance
of additional term connected with the rotation of the system of reference:

d .(U/Uo) . . ~
Jo Cim = —ZTZ (F,m|V]j',m) ey mt+ (2.9)

]‘/

3 [VG =G+ 4 D =G+ m)G =+ D

Here a is the angle between OZ and OZ axis (see fig. 3 ), v is the value of
velocity of relative motion, vy is the atomic velocity, b 1s impact parameter and the
index tilde denotes that this value is refers to the following system of reference.

The symmetry property of the system should be considered for averaging the
product ¢; ¢l over the atomic ensemble and the successive transformation to
the basis of the polarization moments. Five problems will be considered below in
this connection:

1. Polarization characteristics of emission excited by collisions in counterpropa-
gating beams.

2. Polarization characteristics of the emission of atomic ensemble bombarded by
the monoenergetic beam.

3. Spectropolaremetric effects in angular correlation experiments.

4. Spectropolarimetric manifestations of the higher order polarization moments

5. Collisional relaxation of polarization moments excited by a laser beam.

3 Polarization characteristics of emission excited
by collisions with the counter-propagating beams.

3.1 Collisional transformation of the momentum ordering
in the counter-propagating beams at low relative veloc-
ities.

If an isolated level is excited an effect of the collision is reduced to "mixing” of the

populations between magnetic sublevels. The collisional evolution of polarization
moments is described thereby by the equation

0
8t'0q = nov Z 0-57511 pQ1 ) (31)

k1,01



where ngis the density of the projectiles and v is the relative velocity of motion.
Owing to the axial symmetry of collision process in counter-propagating beams,

obh =4, g0k and equation (3.1 ) takes the form
g ko
5771 (0) = mov 3oy (4)e (7) (3.2)

From last relation one can see, that the equation that describes the evolution
of polarization moments splits into blocks and every block is associated with the
particular value of ¢ . Collisions mix the rank of polarization moments within
each block. This leads to an opportunity of transformation between the types of
the angular momentum ordering. In particular, within the block with ¢ = 1 where
o1? # 0 the inclined alignment is transformed into an orientation [12, 13]. Following
the symmetry property of polarization moments with respect to complex conjugation
pi* = (=1)7pk ., one has from the relation ( 3.2)

(Jé“’kl)* = Ué“’kl (3.3)

and now it is clear, that diagonal over upper indexes cross sections are real,
Im (Jf’k) =0.

From the symmetry property of polarization moment over the operation of reflec-

tion in the collisional plane 39;2,05 = (—1)k_qpliq (), follows the symmetry property
for cross section

okt = (=) gl (3.4)

-9

It follows from the last relation that a(’j”“ # 0, if & + kq is even. Or in other words
the block with ¢ = 0 splits into two subblocks within which the collisions mix the
polarization moments with rank of definite parity. In particular, the mutual relax-
ation of polarization moments p§ and p2 leads to an opportunity of transformation
of the population and the longitudinal alignment [3].

In the end of this section let us consider an isolated level j to be populated by

n; =1/ 27+ 1,08 (3-5)

Hence for the derivative of the right hand part of the last relation

d
% -—nov\/2]—|—1%:00k1 ,00()—(). (3.6)

Then, according to the linear independence of polarization moments one has

the external excitation source

o001 (7) =0 (3.7)
and, if the cross section has the symmetry property Ué“’k =0, Kk then

=0 (3.8)

That means that for an isolated level the transformation of the population into
other types of ordering is forbidden.



3.2 The collisional transformation the ordering in the counter-
propagating beams at the high relative velocities.

In this case atoms are excited by the collisional impact at a certain state with the
momentum j. The evolution of polarization moments in this case is described by the
expression

9 pE() = navot(i) (39

5(]) characterize the efficiency of excitation. The fact that

the indexes k and ¢ on both sides of (3.9 ) are equal follows from the necessity of
transformation of both sides of (3.9 ) by means of the same representation of the
rotation group.

From the relation (3.9 ) one can see, that the character of momentum ordering

where cross section o

stipulated by the excitation process of an atomic ensemble is entirely determined
by its symmetry. In the particular case of isotropic excitation 05(]) ~ 01,0040 only
the ordering of population type will be induced. In the case of axially symmetry
excitation 05 (7) ~ 8,005(7) only zero-order components of the polarization moments
will be induced in the system. It the last case the equation ( 3.9) takes the form

£9h() = novak() (3.10)

From the relation (3.9 ) it is clear that the cross section of excitation is symmetric
with respect to the operation of complex conjugation

(%) = (-1)7o*, (3.11)

and to the reflection in the collisional plane

0p0f = (=1)1 ok, (3.12)
It is clear from last two relations, that all cross sections o are real and of = —of,

if £ 1s odd. This means that excitation processes with axial and reflection symmetry
can not create any orientation of the momenta.

4 Polarization characteristics of emission of atomic
ensemble bombarded by the monoenergetic beam.

Let the ensemble of particles 7a” is characterized by the distribution of velocities
described by the function f,(v;). It is bombarded by the monokinetics beam of
particles "b”. If OZ axis of the laboratory frame of reference XY 7 is directed along
the incident beam, the velocity of the particles of this beam is 7, = vy @, . We
suppose a low density of particles in the incident beam so that each atom of the sort
7a” undergoes no more then one collision act during the lifetime. Collisions thus
lead to the mixture of populations of the primary exited state (low velocities), or to

the impact excitation of atoms of the sort 7a” (high velocities).



4.1 The case of low velocities, that leads to mixing the pop-
ulations of the sublevels of the primary excited state.

For description of this collisional process, one additional system of reference should
be introduced. Let OZ axis of the system XY Z be the axis of symmetry of the solid
angle that contains the particles with the velocities which belong to the interval
[v, v+ dv].(see fig. 4). In the system XY Z the evolution of polarization moment pr
is described by the equation (3.2 )

Jd . . ~ e
aﬂ?(]) = nov Y_ 52" (4, 0) 50 () (4.1)
ky

where indexes tilde denotes that this value is referred to the system XY7Z.
Evolution of polarization moments ,OlqC in the laboratory frame of reference can
be obtained by summing inputs from all solid angles

i) = 0 X (401 )t ) (1.2)

Here the values <v05’k1 (])> are called as the rate constants of the process of the
collisional relaxation for which one can write the expression

<va§’k1(j)> _ Z (_1)q+q’ l

q'.L

(4.3)

k K L 7 A
q —q 0 " —q¢ 0

/d?vf kkl( v) Pr(cos )

Here ¥ = ¥, — ¥ is the vector of relative velocity, and f(7’) denotes the
distribution function of relative velocities. Decomposing the distribution function
of relative velocity vectors over Legendre polynomials

E fr(v)Pp(cos ) (4.4)

and suggesting that the cross sections depend only on the absolute value of the
velocity vector of relative motion, the expression (4.3) can be written as

<va§’k1 (])> _ Z (_1)q+q’

q'.L

kK L S A
qg —q O " —=¢ 0

] Fr,(vo) (4.5)

where

Fi(vo) / dvov® f1,(0)554 (5, v) (4.6)

It should be emphasized, that Fr(ve) depends on the multiple moment of the
distribution function and the velocity of the incident beam.

From the properties of the Clebsch-Gordan|[9] coefficients one can easily obtain
that the rate constant of alignment creation

<U0'0 / dvv® fa( )JO (], ) (4.7)

where that is the transformation of the inclined alignment into the orientation



val / dvv® f5(v)51% (5, v) (4.8)

which depends on the quadrupole moment of distribution function

4.2 Direct excitation of a state for high velocities.

Introducing a frame of reference analogous to the one of the previous section (see
fig. 4) for evolution of the polarization moments in the frame XY Z on can write

(see(3.10)).

9 54() = navt (o) (4.9

Summing up the inputs from all solid angles one can write an expression for the
evolution of polarization moments in the laboratory frame of reference.

0 4, . k-
;P0li) = 1o (vab(j,v)) (4.10)

We suppose as above than the excitation cross section depends only on the
relative velocity value. For excitation rate constant one can write

(vt (,v / dvv® f(v)55(j; v) (4.11)

where fi(v) is the multiple moment of distribution function (4.4).

From this relation it is clear that the rate constant for collisional creation of the
alignment ordering by collisions is determined by the quadrupole moment of the
distribution function.

It is clear from relations (4.5) and (4.11) that the ordering of the angular mo-
menta created by collisions depends on the ordering of the relative velocity vectors.
In other words the process of the transformation of the macroscopic ordering of
distribution of relative velocities on the microscopic properties of atomic ensemble
takes place in this case.

5 Spectropolaremetric effects in the angular cor-
relation experiments.

The sketch of such an experiment is given in fig. 5, where the detector of emission
of particles, scattered at a particular angle is illustrated. The specificity of such a
problem is in absence of axial symmetry. The registration devise fixes the trajectory
of the scattered particle. Hence, the collisional process is symmetric with respect to
an operation of reflection in the plane of collision (ZX plane).

As was mentioned in section 1 this symmetry property together with the sym-
metry property expressed by the operation of the complex conjugation leads to po-
larization moments of the even rank and pure imaginarily of that’s with odd rank.
Since the emission of the dipole radiation involve the polarization moments of the
rank non higher than two, one can say, that the characteristics of polarized emission
in the angular correlation experiments are defined by five polarization moments: the



polarization moment of the zero rank pg, three components of alignment tenser p
(¢ =0,1,2) and one component of orientation vector p].
This can be illustrated by the Stokes parameters for the emission scattered in

the solid angle d€) = sin ¥dddy:

1Q = _[0{ b 2 } {3 sin? 9pg () + sin 29 cos ppi(5) + (COSZﬁ + 1) cos 2@P§(i)}

J 7 Jo
(5.1a)
112 ). ) o,
[U:Q[O{j i }{SanﬁCOSg@pl(])—I-COSﬂSIHQQDpQ(])} (5.1b)
0
1 1 1 .
IV = =2], .. . psindsinelm (p; 5.1c
0{ i g o } ¥ (P1(J)) ( )

This expression can be used for considering the inverse problem, Determination
of the unknown polarization moments by the measuring of the Stokes parameters.
For instance, for determination of polarization moment p] (see (5.1c) it is sufficient
to measure the Stokes parameter V in the direction with ¢ # 0. The same way, for
determining the alignment tensor components it is sufficient to measure the Stokes
parameter () at four angles.

In conclusion of this section it should be mentioned that for some particular
transitions when the additional symmetry is present, the number of independent
parameters can be reduced. For instance, for the transition j = 1 — j0 = 0
with three wave functions of excited state ¢, (m = 0,41) one can construct two
functions 1, and 1, - that are even with respect to reflection in ZX plane and
one odd function ¢, (see fig. 6). Then the function of the lower state with the zero
momentum, which is even with respect to the operation of reflection in the plane Z X,
will mix with even functions v, and .. It is clear that ¢, = (¢¥11 + ¥1,-1) /2 =0.
This leads to the additional property of the symmetry of the density matrix p;; =
p-1—1 and ppm1 = —pm.—1; Prm = —pP-1,m (m = 0,£1). This condition reduces the
number of independent parameters to four.

6 Spectropolarimetric manifestations of the higher
order polarization moments

Let us consider an isolated level with j = 3/2 that at { = 0 is excited by the
pulses of non-polarized light incident along OY axis, whereas along OZ axis the
system is affected by a beam of precipitating particles. We shall consider that the
rate constants of the collisional creation and distruction of the ordering of momenta

<va§’k’> are symmetric with respect to the transposition of the upper indexes. As

was mentioned above (see (3.8)), the rate constant <va§’0> = 0, and population and

longitudinal alignment, represented by the polarization moments pJ and p2, undergo
independent relaxation

Po(3/2:t) = po(3/2;0) exp(—ot) (5.2)



PA(3/2:1) = p3(3/2;0) exp(— (30 + mo (vos”))0)
where vg is the radiation damping constant.

The polarization moment p3 will "mix” with that’s p3 such a mutual relaxation
is described by the system of equations

CA3/20) = — (104 mo (002%)) p33/2:0) +mo (003 AB/20) (53)

< p3(8/2:1) = no (v02) p3(3/2:1) — (30 + o (003°)) 3(3/2: 1)

The character of solutions of this system is depended on the roots of the charac-
teristic equation, which can be complex because the rate constant <va§’2> is purely
imaginary. The presence of the complex roots will lead to oscillations in the solution
of this system. This effect is illustrated in fig.7, where the temporal dependence of
the signal of longitudinal alignment for a certain velocities of the incident beam is
represented ( the time is measured in the atomic units and A is the ratio of the
velocity of the atomic beam to the thermal one). From this plot one can see, that at
A =2 (vg = 2Vsermar) the alignment signal is represented by oscillations modulated
by the damping exponent. Similar polarization beats can be expected in the orien-
tation signal to be determined by the mutual relaxation of the polarization moments
o} and g,

7 Collisional relaxation of polarization moments
excited by a laser beam.

Let us consider the system that consists of a mixture of atoms of sorts ”a” and ”b”
with masses m, and m; respectively. The distribution of velocities of the atoms
of both sorts will be suggested as Maxwellian. If such an ensemble is affected by a
monochomatic laser beam of the frequency v only atoms with fixed value of velocity’s
projection on the direction of the laser beam will be in resonance. The z projection
of velocity of these atoms vy is connected with 1 - the value of frequency of the
center of Doppler’s contour, by the following expression:

Vo = E(,,_VO) (7.1)

v

Hence, the radiation ofthe laser corresponding to the center of Doppler’s contour
of atoms of sort ”a” creates the anisotropy in the distribution of the relative velocities
and thereby generates an alignment of the ensemble of atoms of sort "a”. The
velocity distribution function of atoms of sort ”a” may be written as

Mgy

my
TP 0) = g P |~

The distribution function of velocities of relative motion ¥ = ¥, — ¥, takes
the form

vzz‘ —I_ Uzy) 6(1)0»2 - UO) (72)



[(@) = <£)3 ﬁexp [—f—f (vz +ol4 M)] (7.3)

0 L—n

where & = vo\/m,/2kT and n = my/(m, + my) .
The surface of the equal probability in the velocity’s space is given by the fol-
lowing equation

(v — vo)”

I=n

It is represented by the ellipsoids shifted along the OZ axis by the value vg.If
n — 0 (my << my,), these ellipsoids transform into spheres. The physical meaning of
parameter 7 is that it characterizes the dispersion of the relative velocities D(v,) =
D(vy) = kT /mg,n and D(v.)) = (1 —n)/man . In the case n << 1 the dispersions
over all axes approximately equals D(v,) ~ D(v,) ~ D(v,)) ~ 1/m,n, and the
distribution of relative velocities is close to the Maxwellian one. In the opposite

vz, + vi + = const (7.4)

case of n = 1 (m, << my), the surfaces of equal probabilities are transformed into
discs: D(v;) ~ D(vy) ~ const and D(v,)) ~ 1 —n . This is illustrated in fig. 8,
where the shape of the surface of equal probability is represented for the values of
parameter n = 0.1, 0.5, and 0.9.

With the use of formula (4.6) one can obtain the multipole moments of distribu-
tion function and calculate the rate constants of relaxation process. This formulas
are quite similar to represented above:

(volh(5)) = 2 (=)™

o ¢ —q 0

kK L I A
qg —q 0 !

] St(vo) (7.5)

where

Sy (vo) = /OOO dvv® f1, ()55 (5, v) (7.6)

with f7,(v) being the multipole moment of the distribution function. From this rela-
tions one can see that the rate constants of processes of transformation longitudinal
alignment from the population and the orientation from the inclined alignment is
defined by the quadrupole moment of the distribution function.

8 Evolution of polarization moments in the pres-
ence of a magnetic field.

The evolution of the density operator is described by the Liouville equation,

d 1 ?

at’ % A

Here first term on the right hand side describes the radiation damping process,

= —Top— =[5, Ho| + 7 [3. Vi + N (8.1)

Hy is the Hamilton’s operator of the free atom, \7f operator describes the interaction
with magnetic field and the last term describes the excitation process.



If the Zeeman splitting is less than the width of the fine structure (in the weak
field case) the value of the total momentum conserves and the operator V; takes the
form [14]

Vf = HogJg (?, ﬁ) (82)

where g is the Bour’s magneton and g; is the Lande’s factor. Equation (8.1) in the
k — g representation may be written as

%pfj(j;t) = (=1 —iw.q) p(j; 1) + % [w*\/(k — @) (k+ g+ 1)pga(Gi 1) -

e/ +a) (k= q+ D)pbLi(G50) + VY] (8.3)

where w = w, + 1w, and w; = pogjH;7,/h (i = z,y,z) is a dimensionless Larmour
frequency dependent on lifetime of an excited state 75. As follows from the last
equation, the uniform magnetic field mixes the components of polarization moments
of the same rank. Therefore the system of equations (8.3) splits into blocks, each
of which describes the evolution of components of the polarization moment for a
certain rank. Hence, for the description of the evolution of alignment tenser it is
sufficient to consider the block with & = 2. In other words, the uniform magnetic
field can not create a new type of ordering. Its role reduces to the destruction of
the ordering, that had been created by any external mechanism.

Let us consider an atomic system that is excited by an external process, which
has an axial symmetry with respect to the OZ axis, and a weak magnetic field is
applied to the system in the direction of OY axis.

In this case, the excitation process Nq2 ~ 9,0, which is the stationary solution of
equation (8.3) takes the form

po=No (8.4)

3 W 3 wr 1 4 w?
2 — N?\/j L . 2 — _NQ\/i . 2 — N2 L . 85
P2 0 2(1 _|_4w%)7 £1 0 9 (1 _|_4w%)7 Po 0 (1 —|—4w%)’ ( )

These expressions can be used to evaluate the signals of longitudinal and inclined
alignment observed from the direction of the OX axis:

L 131+ Qw%
A[z = [z — [y = ]ONg]XQ 5@ (86@)
R w
A[yz = zyt — [zy_ — \/gloNg[Xgm (85[))

From these formulas, one can see that the signal of longitudinal alignment has
the Lorenzian form whereas that of the inclined alignment has the dispersive form
(see fig 9). This effect in known as the Hanle effect [15] .

In the case of a strong magnetic field when the Zeemans splitting is on the order
of the width of the fine structure, only the projection of the spin and orbital moments
on the direction of magnetic field will be conserved (here we will considered that



this direction coincides with the OY axis). For the operator the V; from (8.1) one
can write [14]

V = poH (L, +2S,) (8.7)

As was mentioned above, the total electronic quantum number is not conserved
in presence of the strong magnetic field. Therefore eigenfunctions of the operator
(8.7 ) take the form of linear combinations of eigenfunctions of the squares of orbital
momenta, spin, and their projections v, xo:

Un(7) => e bm(P)xo (M =1,2,3,...,2(20 + 1)) (8.8)

m,o

Within the basis of functions (8.8) the density matrix takes the form

~ M * M
paar = (M [l M) = 3= (ehls) " bl (8.9)
where p,;, .,/ 1s the matrix element of an "orbital” density matrix that is independent
of the spin variables.
The evolution of density matrix is described by

d .

P = — (70 + wnr m)parar + Narr (8.10)
where 7o is a natural damping constant, wap = (Fmr — Fu)/h is a frequency
separation between magnetic sublevels, and Ny, is an excitation matrix. In the

case of axial symmetric excitation process (N;“(l) ~ 5q7oﬁf(1)) The latter may be
written as

NM,M’ = ZT(;C (Z;M7 M/)Ng(l)- (8-11)
k

where

M) = S () e (| (8.1

m,m! o

[ 1 k
m —m' q |’
Under the broad line detection of approximation, the intensity of emission, po-

larized along the direction € of atomic transitions between levels with orbital mo-
mentum / and [, may be expressed as

L= /(20 +1)(2l + 1)%(—1)1" cbg'(?){ ll ll Z }Rg’ (1) (8.13)

where (I)g(?) is a polarization tensor that depends on the a, coeflicients of expansion

of the unit vector € in a circular orthogonal basis [9]:
- —q 11 K
@I‘?:§:—1lqaa*,[ ] 8.14
52 =X 0 e | L (8.14)

The term



RE(D) = > T (I, M, M") prarar (8.15)

M, M

may be considered as the relation of the polarization moments in the presence of the
strong magnetic field. The comparison of relations (8.13) and (1.23 ) illustrates that
the relation for the difference of intensities and the Stokes parameters in the strong
magnetic field differ from what is described by relation (1,23 ) by the substitution
,olqC — Rg Fig. 9, illustrates the dependence of the polarization characteristics of
H,, emission induced by a proton beam on the value of the magnetic field strength.
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Figure 1: Schematic image of components of the polarization moments.
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Figure 2: Variation of the azimuthal angle under the operation of reflection.



The trajectory

Figure 3: Systems of reference that introduces for the description of collisional
processes.

Figure 4: Frames of reference used for averaging over the velocities of excited atoms.



v

Figure 5: Schematic of an angular correlation experiment.



Figure 6: Schematic representation of the P-state function, that has definite prop-
erties with respect to the operation of reflection in the collision plane.
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Figure 7: Polarization beats in the signal of longitudinal alignment of the n®Ps,
state of the ensemble of ('s atoms. Solid line -n = 6; dashed line - n = 7.



Figure 8: Form of the surfaces of constant probabilities for different values of pa-
rameter n = 0.1,0.5 and 0.9
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Figure 9: a: The illustration of the Hanle effect. Curves (1-3) show the dependencies
of inclined, transverse, and longitudinal alignments on the value of the Larmour
frequency; b: The dependence of the Stockes parameter @ for the transition 2% P/, —
32Ds5/, on the value of the magnetic field for some values of energy of an exciting
proton beam: (1)- £ = 55.8 keV; (2)- £ = 155 keV; (3)- £ = 303.8 keV; (4)-
FE =5028 keV; (5)- £ =892.6 keV.
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1 Introduction

Application of spectropolarimetric methods for sensing ionized media is based on the
fact that the model under consideration should be adequately created and the evolu-
tion of polarization moments in the frame of this model should be specified thereby.
Characteristics of polarized emission are calculated at the second stage. Theoreti-
cal data are compared with the experimental or observational spectropolarimetric
characteristics. Criterion for the quality of this model may be the coincidence of
the calculated and the measured polarization characteristics. The methods of the
polarization spectroscopy were applied to investigation of the gas discharge plasma,
non-thermal process in the Solar chromosphere, studies in the Z-pinch and toka-
mak plasmas and for investigation of optical process in the upper atmosphere of the
Earth. Some structural physical phenomena in the ionized media and the methods
of the practical polarization spectroscopy will be considered here.

2 Determination of the ion drift velocity in a gas
discharge plasma.

A sketch of this experiment that was performed for the investigation of polarized
emission [1] is illustrated in fig 1. We used a hollow cathode diameter approximately
1SM. The cathode contained an argon plasma at a pressure with a few tenths of a
torr. The intensities, I, and I, for the transitions between states 4p®>Ds3/o— 4d* P
and 4s* Py, —4p* P; (j = 1/2,3/2) were measured at different parts of the discharge
along the radius. From this the ratios

12.5 (1, — L)

Ay = 1/2 transition 4p*Dsy — 4d*P; 2.1a
P 5 (1, 051y, — (1, +05L), , P s i (1)

I, — 1,
A, = (4 )3/2 transition 432P1/2 —4p*P;  (2.1b)

"5 (1,4 0.51) 2(1,+0.51,)

3/2 1/2

were calculated. The main results of this experiment are:

1. Lines with the value of the sum of intensities [, 4+ I, is maximized near the
center of cathode.

2. The value of alignment signal, I, — I,, of the lines increases as the distance
from the cathode’s center increases. This value is maximized near the edge of the
region with negative glow (see fig 1).

3. The value of the alignment signal of atomic lines is very small upon comparing
them to the lines of ions.

The fact that the value of I, 4+ I, has a maximum near the center of the cathode
can be explained by the assumption that the excitation of the ion and atom lines are
reshaped by the fast electrons, the velocity of which increases from the wall of the
cathode to the center. Because the movement of the is directed in the opposite side,
from the center to it’s edge, the assumption is that the creation of the alignment
is due to the ion drifting among the ensemble of the neutral argon atoms helps to



explain the presence of a maximum in the alignment signal near the edge of the
cathode.

Interaction of the ions with the neutral atoms leads to the mixing of populations
of doublet *P; magnetic sublevels j = 1/2 and j = 3/2 ion states. In other words,
collisional interaction with neutral atoms provides a means of mixing the polarization
moments of the ensemble p3(1/2) , p5(3/2) and p2(3/2) or connected with them the
values ny /3 and nyjo-, populations of j = 1/2 and j = 3/2 states and as/, = 2p§(3/2),
- the alignment of the state j = 3/2 .The mutual evolution of these values are
represented by the system of equations

d Vo VO,
— Ny = Ng | — (7o + (voy)) ny/e + p) nz/e + < >Cl3/2 + Nijg
dt 2 2
d vo VO,
En3/2 = ng [<U0p> nyjg — (’Yo + %) N3y — < >G3/2] + N3jg (2.2)

d VO, vo
%03/2 = Ng [<00a>n1/2 - < 5 >n?>/2 - (70 + < 2d>) GS/Q]

where ng is the density of the argon atoms and (vo,) = —\/§<v08’0(1/2,3/2)>,
(vo.) = —v2(vo°(3/2,1/2)), (vou) = (voy?(3/2,3/2)) .
Under stationary conditions one can obtain from the third equation

azjz _ (voa)p

n3j2 T 2.3
Ny — T/ (voa) p + kT (23)

Where p = no/kT is the pressure of ions.
With the help of the relations for the intensities of dipole emission and the
numerical values of 65— coeflicients, one can find that

(vou) p
oo p+ KT Apd (2.4)

Where A, and A, are defined by formulas (1a) and (1b) for the transitions of
4d* P; — 4p* D35 and 4p® P; — 4s* Py /5 respectively.

The rate constants of the collisional ordering and destruction of the ordering
of the angular moments depend on the ratio A = vg/vr where vq is the velocity of
ion’s drift and vt is associated with their thermal movement. Therefore, for a certain
pressure range the drift velocity can be obtained by adjusting the parameter A in left
hand side of (2.4) in order to create an equality with the left hand side to the right
hand side which is known from the measurements. Results of the determination of
the drift velocity utilizing the polarization characteristics of both at the transitions
4p2D3/2 — 4d2P3/2 and 452P1/2 — 4p* P; are represented in table 1.

Table 1. The anisotropy parameters and drift velocities in the gas discharge Ar
plasma at 7' = 330K.



The pressure | Parameter The values of the drift
in torr of anisotropy velocities in 10° cm/sek
452P1/2 - 4p2P3/2 H 4p2D3/2 - 4d2P3/2

0.02 4.34 2.35 2.22
0.04 4.07 2.30 2.09
0.06 3.83 2.27 1.97
0.08 3.62 2.09 1.83
0.10 3.42 1.89 1.79
0.12 3.25 1.68 1.70

From this table one can see that the values of drift velocities obtained from
utilizing the data for different transitions are close to each other.

3 Determination of directive proton velocities in
the solar chromosphere.

About ten years ago it was proposed that the thermal heating of the Solar chro-
mosphere is provided by proton beams of energy around 200 kev [2]. In fig. 2 the
magnetic loop of a Solar flare is illustrated and the proton tracks that are supposed
to penetrate downwards along the magnetic field lines are drawn. A relatively thin
(approx. 10 km !) dashed region of this sketch represents the upper layer of the
chromosphere that is responsible for formation of hydrogen emission lines. Polar-
ization of the H, line is measured by the ground based observer. Therefore the
problem of comparing the observed and calculated data for H, polarization can be
divided into the following steps:

1. Solution to the collisional problem and the determination of the polarization
moments to be created by these collisions.

2. Comparison of the theoretical and the observational data with respect to
position of the flare at the Solar surface [3, 4].

Evolution of polarization moments under the impact interaction are character-

ized by the cross sections &5

d ~
Epg = n,u5E (3.1)

The numerical values of G5 are the cross sections for the impact excitation of
an excited hydrogen atom with n = 3. This cross section was calculated in the
frame of approximation of impact parameter method in the base of 14 orbital wave
functions ¥, .(r) (n = 1,2,3; [ =0,1,....—1; m = 0,1,2,..1). The result
of these calculations is illustrated in fig. 3, where the dependence of polarization
characteristics of H, emission on the energy of the exciting proton beam is ploted.
The experimental curve and the theoretical curve are calculated in the frame of the
base at ten functions are represented here as well.

The second principle question of the quantitative remote spectropolarimetric
sensing is the comparison of the calculated polarization characteristics with the
ones measured by an observer located at the Earth surface. In fig. 3, the OZ axis
in the frame of reference XY Z is connected with the exciting proton beam that



propagates in the direction perpendicular to the Solar surface. The values of the
Stokes parameters calculated above are related to this system. The measurments,
performed by the Earth observer, refer to the system XY Z, the plane ZY of which
belongs to the plane of the Solar disk, the OZ axis is the projection of the OZ axis
on this plane and the O X axis is directed at the observer. The polarization moments
in these two systems are connected with Wigner D-matrixes that depends on the
mutual orientation of these systems. If () and U denote the values of the Stokes

parameters in the frame of reference XY 7, one can obtain the relations between
the values of the Stokes parameter ) with ¢} and U:

B Q cos? 3 cos 2a
©= 1-Qsin?p3
B Q cos? B sin 2a
1 @ sin? 3
Where (3 is the angle between the OZ and the OZ axis, and « is the angle
between the spectrometer and the OZ axis.

(3.2)

With spectropolarimetric sensing we utilize the dependance of the Q parameter
on the velocity of a proton beam. For the fixed values of angles o and 3, which
define the position of the flare at the solar disc, one can find the value of the velocity
of proton beam that provides the coincidence of the calculated and observed values
of the Stokes parameters.

The results of just such a procedure are represented in the table . Below it
should be mentioned that the dependence of the parameter Q on the velocity of
the exciting proton beam is calculated in this table with the basis of ten functions:
Ynim(r) (1= 1,3).

Table 2. The results of diadnosics of the velicities of proton beams.

Angle 60° 63° 68.5% | 49.2° | 21.5° | 61.9°
Observed values of || (4.5 5.5 (3.5 (2.3 6.5 (3.6
polarization (in%) | £1.2) | £1.7) | £0.9) | £0.9) | £2.0) | £0.6)
The intervals of the

value of proton (280 | > 280 | > 300 | (50 50 (220
beam ( in kev) +70) +30) | £30) | £80)

4 Polarization of optical flash emission in the lu-
minescence of the night sky.

The optical flashes are known as the short (1073s < ¢ < 1s) light emissions of the
night sky. The nature of this phenomenon is not completely known as of now. These
flashes were observed primarly in the higher latitudes and further in the middle ones
[6]-[7]. A rather large value of the oxygen *P, —! Dy line polarization was registered.

Excitation of an oxygen atom in the ! D, state by an electron beam is the basic
collisional process and the value of polarization that can be expected at this impact
transition will be considered here.

First, it should be mentioned that the pure electron impact (coulomb interaction)
cannot excite the 1 D, state of oxygen atom from the ground stale ® P, because these



states have different spin. We should suggest, that the spin interaction is violated
by the magnetic field which is created by the precipitating electrons [8].
With this assumption, the atomic Hamilton may be written

H = Hy+ V.(r, R)+ Vi, s5(r, R) (4.1)
Where V. is the operator of the pure Coulomb interaction
€
V.(r,R) = 4.2
N (1.2)

and V7, s describes the interaction of the total spin of the outer shell of the oxygen
atom with the magnetic field of the incident electron beam.

€
VL,S(rv R) =5

—>

me ] 7

(H,S) H:l(vX‘ - ‘) (4.3)

The wave function W(r) of the oxygen atom is presented as a linear combination
of the functions W (L, S, .J; 1), the eigenfunctions of the square of the total moment
J and its projection. (M are eigenvalues of .J,)

U(r) = CuWar (1, 1,2;7)e P 3" ApWag(2,0, 25 r)e Pl (4.4)
Mo M

After the solution of the system of differential equations of the impact parameter
method, the density matrix can be constructed as

,OM,M’ = <AMA* ;> (45)

Then the polarization characteristics of magneto-dipole transition ® P, —' Dy can
be calculated.

Results of such calculations are illustrated in fig. 5, from which one can see that
this model provides a large number of polarization parameters for emission of the
red oxygen line.

5 Polarization of Hell ions: Interaction of X par-
ticles and hydrogen atoms [9].

This problem arised in connection to diagnostics of a tokamak plasma. where =
particles are present as an impurity [10]. Utilizing a hydrogen beam for diagnostics
of the tokamak plasma, hydrogen atoms undergo the recharge on * = alpha particles
of the plasma impurity according to reaction

a+ H — Hell +p (5.1)

and the emission of Hell ions can be used for plasma diagnostics.

The positions of the hydrogen atom (center a), a— particle (centre b) and electron
(center €) may be characterized by the set of vectors {ﬁa,ﬁb,ﬁe}(see fig 6.a).
These coordinates are not suitable for the description of collisions. It is well known



that the variables for the problem of three bodies are expanded over the Jacoby
: P B = BB B -
coordinates {7 ,, R ,, R.} or {7, R}, K.} where R. is the coordinate of the center

of mass and the origin of the vector R, (R;) is in the mass center of the system
center a (b). With the first triplet of coordinates and the assumption, that the mass
of electron is much smaller than masses of atomic particles a and b, the Hamiltonian
of the system takes the form

h? K2 K2
H=——A, ——Ap — —A,+V(r, Vv Vi =
I am e T 2 R, i + V(re) + V(rs) + Vi
h? K2
H,— —Ap — —A, . 2
2,& Ra 2M —I_ V(rb) —I_ Vb (5 )

Where p is the reduced mass of the centers a and b, M = m, +my , V(r;) is the
operator of attraction of electron and the center ¢ (1 = a,b) and H, is the operator
of the one electron atom localized at the center a (the hydrogen atom).

Similarily with the second triplet of coordinates and the same assumption about
the masses of the particles one can write for the Hamiltonian of the system:

h* h? h*
Hr = _—AT — —Ap — —Ac a ab =
I ST P Y v + V(re) + V(ry) + Vi
h? h?
Hy— —Ap — —A.+V(r,)+V, 5.3
P R Vit + V(ra) + Vi (5.3)

Where Hy is the Hamiltonian of the hydrogen-like helium atom located at the center
b .

It should be emphasized that the Hamiltonians (5.2) and (5.3) are equivalent if
the precise wave functions are used.

Introducing the notations ©,(r,) and t4;,(rs) for the wave functions of the
hydrogen atom in the ground state and Hell ion in the state with n = 4, the wave
function of theelectron in the field of the two centers may be written as a linear
combination of the functions t,(r,) and 4, (rs)

U = ayha(ra)e” P + 3 crmtbapm(rs)e” P (5.4)

{,m

Since the functions ©,(r,) and t4,,,(rs) are not orthogonal, the substitution of
the last expansion into the Schroedinger equation leads to the non-normal system
of the differential equations for the coefficients a, and ¢;,,. As far as we know
there are no suitable programs for the integration of such systems. So, before the
substitution of the expansion in (5.4) into the Schrodinger equation, the set of
functions {v4(rs), Ya1m(rs)} should be orthogonalized. This leads to significant
difficulties for expressing the matrix elements. These elements can be calculated
utilizing either Hamiltonian (5.2) or (5.3).

After obtaining the solution to the system of differential equations and the cal-
culation of the polarization moments of the ensemble of ions Hell in the state with
the principal quantum number n = 4, the "partial” Stokes parameter ();;, for the
transition 4/ — 3ly can be calculated according the formula



Qui, = 3i . } i (5.5)
[

1
)
U ST U]

With the analogous value for the transition between the states with the principal
quantum numbers n =4 and n = 3

3 W2(Dp5(l)
S [2V2WOps(1) — W2(1)pE()]
Where the coefficients W* depend on the vector coupling coefficients and ry, is

the matrix element of the operator 7 calculated on the wave functions of the state
with the momentum [ and [,.

Q=

) (5.6)

i L1 L1101 &k )
iy =seten oo o {0 i 5.7

The results of the calculations are illustrated in fig. 6b. From this plot one can
see that the Stokes parameters for the transition 4p — 3d is approximately constant.
The emission of the 4d — 3p transition is mostly polarized. It should be mentioned
that the cross sections for alignment creation in the 4d state are rather small. The
polarization of the alignment signal for the 4f — 3d transition is rather large.

The dependence on the energy of relative motion of colliding particles of the
Stokes parameter ) for the 4f — 3d.

6 Spectropolarimetric diagnostics of magnetic field
strength

The first straightforward idea is to use the Hanle effect for magnetic field diagnos-
tics. Indeed, the stationary solution of the Liouville equation for the polarization
moments may be written in a way

3w 3 wr 1 4 w?
\[2(1+4 7y’ /i sit4er) P Noggaery G

Where wy, = pog;Hm/{ denotes the dimensionless Larmour frequency. Utilizing
this formula one can obtain the relations for the signal of the longitudinal alignment
and the Stokes parameter ()

31 4 2w?
Al=1,—1,=IoN?Ky| = L 6.2
y = o 0”\[21+4wg (6.2)
_ L 3p5 + V6Re(p3)

g=ll_
Iyt L 2/2p05878 — pb + VB Re(p3)



3(1 +wi)

¥ (6.3)
2VaRERE (1 + 4w}) — 1 + 2w}
Where a factor is introduced
Kt = (=1t /3(25 + 1){ Lk } (6.4)
J J Jo

It seems that these relations likely can be directly applied for the diagnostics of
the magnetic field because formula (6.2x ) contains the unknown factor N whereas
formula (6.3) contains the ratio of the unknown factors NJ and Ng. In other words,
these signals depend on the excitation process. Of course these parameters can be
calculated in the frame of particular assumptions, but this will introduce additional
errors in the results of the diagnostics. Special methods that free us from this
difficulty will be explained here.

6.1 Diagnostics of a magnetic field strength by utilyzing the
ratio of the Stokes parameters () and U.

An ensemble of atoms affected by a strong magnetic field will be considered here.
Substituting the stationary solution of the Liouville equation parar = Nararr/(1 +
iwpr ) for the relation of the polarization moment for [ = 1, one obtains

T3 (1, M, M") T (1; M, M)

1 + z'wM/7M

R (1) = N5(1) 32

MM’

; (6.5)

Where the coefficients qu (I; M, M") are a linear combination of the products of

M coefficients of decomposition of the wave function over the set of orbital and

m,o?
spine functions.

C

THEM M) = Y (M) M (1) [ (6.6)

m,m’,c

I 1 k]

m —m' q

With the help of the program Mathematica 4.0 the analytical expressions for
the eigenfunctions of the Hamiltonian operator and for the values Tq2 (I; M, M") have
been computed. At the second stage the analytical expressions for the polarization
moments (6.5) have been obtained. Substitution of this moment results into the
formulas for the Stokes parameters,

QI = —Ng [16 + 48a? + 27a* + 352772 + 400@2772 + 192@4772 +
+2448" + 432a%y" + 51847° (6.7a)
UI'=—N38V2n [(4 — a® + 9a* + 885> — 109a%y* + 64a’y’+

+612n" — 720an" + 12967°) | (6.7b)



Where the dimensionless parameters a = A/hvo (A is the fine structure constant)
and 1 = poH/{v, that characterize the width of the fine structure and the value of
the magnetic field strength, are introduced.

From the relations in (6.7) one can infer that the Stokes parameters @) and U are
dependent not only on parameters a and 5, but on the value NZ, that characterizes
the efficiency of the longitudinal alignment creation under the excitation process.
Since this value is incorporated into the relations (6.7) as a factor, the ratio of the
Stokes parameters

AU 8v2n(4 — a® + 9a* + 88n? — 109a%n? + 64a’*n’+
Q 16 + 48a? 4 27a* 4 352n? + 400a?n? + 192an?+

+612n* — 720a*n* + 129615
+2448n* + 432a%n* 4 5184n°
Will depend only on @ and 1 but not on the particular properties of the excitation

(6.8)

process.

Let us mention that the right hand part of relation (6.7b) and the nominator of
ratio (6.8) with a fixed value of the parameter a is a polynomial of sixth order with
respect to . With a > 1.74106 it has two real roots n§0) and 7750). The localization

of these roots is given by the asymptotic formulas

77§0) R %a 7750) ~ %a, (6.9)
which represent the localization of the roots at a > 3.

From fig. 7, where the dependence of ratio (6.8) on the variable n for some
values of a = 1,10,20,40 are presented. One can see, that the simple diagnostics
for a magnetic field and feasible for the values of the n parameter located in the
right hand side with respect to the larger root (6.9) i.e. n > 2a/3. The ratio U/Q
in the rather wide region in the right hand side with respect to this root may be

approximated by the relation

244/2 2
A~ T(n — ga). (6.10)

In conclusion we should mention two peculiarities. First, owing to the fact that the
strength of a magnetic field of some tens of kilogauss invokes the Zeeman splitting of
some inverse centimeters. The diagnostics of the magnetic field in the frame of the
above theory is possible only for the narrow multiplets of the fine and the hyperfine
structures. From our point of view one example of such a narrow multiplet may be
the set of levels of the state n = 4 of a Hell ion. Since for the 4p state of this ion
10 = 0.77107? cek [12], the width of the fine stricture is about 0.1 em™!, the value
of the parameter a is about 14, that will provide an opportunity to measure the
magnetic field no less than 3 kG's.

6.2 Diagnostics of a weak magnetic field strength by ex-
ploiting the parameters of the relaxation process [13].

Let us consider the case, when excitation of a certain system is switched out at

t=0.



The evolution of the alignment tensor components of the system is described in
the frame of the Couchy problem.

%pﬁ(j;t) = —py(5it) + % [\/(2 —q) 3+ @)ppi (G31)—

DG Gi0]  2G0) = 00,NE (6.11)

A solution of this problem is quite simple

Py = %\/%Nge_t sinwt;  pi, = qZ%\/g gelsin2w;  pi, = qZ%\/g de ! sin 2w
(6.12)

Due to reality of these functions it is clear, that Stokes parameters (), and @),
may be measured in OX and OZ directions, whereas both Stokes parameters may

be inferred from the spectropolarimetric data at OY direction. Substituting (6.12)
into the relations for intensities one have:

3 3
Qn ~ _\/; OQe_t cos? wit Q. ~ —\/;Nge_tsiant
3 nr2 3 et
Qy ~ — 5 g€~ cos 2wt U, ~— 5 o€ " sin 2wt (6.13)

All Stokes parameters (6.13) contain a factor N§, that depends on specific prop-
erties of the excitation process. Ratios of these parameters do not depend on the
properties of the excitation process being the functions of the magnetic field strength
only. For example:

A, = Y _ tg2uwt (6.14)

Y

Decomposing these functions over the Taylor sets in the vicinity of ¢ = 0 one
obtains an approximate formula:

Ruwt3

A, = 2wt + (6.15)

which can be used for the diagnostics of the magnetic field strength as the incli-
nation of the curve of dependence (6.14) at ¢ = 0.
Similar expansion can be obtained in the case of strong magnetic field

6.3 Diagnostics of the magnetic field strength by sensing the
polarization characteristics under the pulse excitation.

If the OZ axis of the laboratory frame of reference is fixed as the direction of
the axially symmetric excitation of the atomic ensemble and the magnetic field is

directed along the OY axis, the block with k& = 2, that describes the evolution of
the alignment tenser takes the form



) = ) e (—pilm + @am) 7

dt
d%,o?)(j) = —p3i) + w@ (=p%(7) + P3(3)) + NZ, (6.16)
L) = o) +o (—@pam + p3<j>) ,
d

720) = =p3(j) = wpilh),
where w = pog;H/7/{ is the dimensionless Larmour frequency, N§ - the efficiency
of creation of the longitudinal alignment by the external source and the I = iy, is

the time, measured in the units of time of life.
If at ¢ = 0 the system is excited by the rectangular impulses of the length 7

0 1<0
No=<S10<t<7, (6.17)
0 {>7

where 7 = 7.
With the help of Laplace transformation one can obtain the solution of the

system (6.16) in the form
-7 2 ~ . ~
,02({) N 1+ w? e [1 + 4w® + 3 cos(2tw) — bw sm(?tw)] N
0 1 4 4w? 4(1 4 4w?)

1+ w2 e~ (t=7) {1 + 4w? 4+ 3 cos(2(t~— T)w) — 6w sin(Z(f— ?)w)} -~
{_1+4w2+ 4(1+ 4w?) }Q(t_T)

3

pi(l) ~ m (1 — 01— F)) +
16\/5(5164_ K 2V (T + 4l — 8w) cos(20v/@) — (14 12w + 4wl + 161w) sin(2 V)| -

3 et N N N
16\{%(1 Iy 2v@ (T = 7) + 4(T — 7w — 8w) cos(2(T = F)V@)—  (6.18)
(1412w + 4w(f — 7) + 16( — 7)w?) sin(2(T — 7)v/0)| O(T — 7)

)~ %wz - e_?\/é —1 —4w? + cos(2t~w) — 2w sin(?fw)
p2(D) ~ 1{4012 (1-e({-7)+ | S |
e=(=7) {—1 — 4w? + cos(2(1 — F)w) — 2wsin(2(1 — F)w)} -

8(1 + 4w?) O(t=7)

where O (z) =0ifz <0and O (z)=1if z > 0.



From the last relations one can obtain the expression for the inclined alignment
that is observed from the OY axis (along the direction of the field)

AG) = (Lm = L) ~ 2Re (p(D) (6.19a)

and the signal of longitudinal alignment that is observed at the same direction

(v) _ ~ i 207y _ 25
AP = (L= L) ~ =D Re (p3(1)) (6.19)

as well as the signal of the longitudinal alignment observed at OX axis (perpen-
dicular to the direction of the magnetic field)

AP = (1, - 1) + Re(p3) (6.19¢)

3
~ \/6/00

where [; are the intensities of emission polarized at the direction of :— axis
(1 = x,y, z) whereas [,,+ and [,,— are that’s polarized in the direction of diagonals
of first and the second quarters of ZX plane.

Firstly it should be mentioned, that because of the decomposition of Agz)(f) at
the small ¢

AL () ~ wl'/8y//6 4 0 (P) (20),

the determination of the value of magnetic field by the slop of the function Afz)(f)
is likely possible.

At the fig. 8a the dependence of the inclined alignment observed at OY direction
(along the magnetic field strength) on time is represented for the duration of excited
impulses 7 = 1 and w = 0.1,1,2 and 3. From this plot one can see that these
dependencies are of the oscillative character. Therefore the diagnostics of magnetic
field can be fulfilled by the positions of the zeros and extrema of these dependencies.

The function w = w (%), that is the solution of equation Aiz)(f) =0, for t > 7 is

represented at fig. 8b. From this plot one can see that the function Agz)(f) is not
equal to zero for the time span I < 0.6. For large values of w the parameters w and
{ are coupled by the approximate relation w = z/4t*, where zy is the k—th root of

the equation tan x = x. For arbitrary values of w the pairs {w, t~} that make zero the
value of the inclined alignment are represented by the solutions of the transcendent
equation

f-cos(20/w) + [y sin(2/w) = 0 (6.21)

where
fo= [2V6 (T4 4T = 8w) = 20" (T = 7) +4(T = oo = 8w) cos(27V00) -
¢ (14 120 + (T = 7) + 16(7 — F)?) sin(27 Vo) (6.22)

o= =1 =120 + 4wl — 1610? + €7(1 + 120 + dw(i — 7)+
16(7 — 7)w?) cos(27 V) — 2v/we” (T = 7) + 4(T — 7w — Sw) sin(27 /)



Differentiation of expression (6.19a) gives that in the interval { > 7 the pairs

{w, 1}, that makes the zero for the derivative of the function Agz)(f) may be found.
These pairs are the solution of transcendent equation

{—25\/5 te (2\/5(7?— 7) cos(27y/w) + sin(Z?\/Z))} cos(2ty/w)+
1+ €7 (= cos(21vw) + 2/ (T — 7) sin(27v/w) ) | sin(2t/w) = 0 (6.23)

The solution of this equation is represented at the fig. 8c, where symbols plus
or minus denote the sign of the derivative within the corresponding areas. Quite
analogues one can find that in the region < 7 positions of extrema of the function
under consideration are given by the equation 2/wt cos 2y/w—sin 2y/w = 0, therefore
with use of the position of the first maximum the Larmour frequency may be denoted
by the relation w = (2.25/t)%.

Analogous to this the diagnostics of the magnetic field strength can be made
on the basis of positions of extrema of longitudinal alignment (expression (6.19¢))
observed from the OY direction (perpendicular to the direction of magnetic field).

7 Measurement of the magnetic field of the re-
mote objects.

The geomagnetic fields can be measured with the help of the quantum magnetome-
ters, that provide high accuracy of data on the Earth’s surface. If this devise is fixed
on the satellite significant errors, originating from the non stability of its trajectory
may take place. Satellite based quantum magnetometers can examine not only the
Earth magnetic field, but weaker fields that are inducted by auroral currents.

In this section the opportunity of the methods of polarization spectroscopy will
be applied to the problem of the measurement of the geomagnetic field.

7.1 Spectropolarimetric sensing of the geomagnetic field [14].

Analysing the influence of constant geomagnetic field on the polarization character-
istics of ensemble of fluorescent particles, one should take into account two factors:
first 1s the small value of geomagnetic field; the second is large value of the alignment
crated by the excitation process and probable presence of polarization in the exiting
radiation. In the other words observations should distinguish rather small input
from magnetic field at the background of the alignment induced by the excitation
and the one from the polarization of the exiting radiation. From geometrical point
of view it is clear, that two last factors will dominate at the registration of the Stokes
parameter U at the direction perpendicular to the excitation direction.

Indeed, if OZ axis of laboratory frame of reference is connected with the axis of
the axial symmetry of the excitation process and the vector of the magnetic field
strength belongs to the meridian plane (plane ZY) and makes the angle a with
07 axis: H = H(sin €] + cos a€?) (see fig. 9a), then in stationary regime the
block with k& = 2 of system of differential equations, that discribes the evolutuion of
polarisation moments, takes the form



sin

V=0 6+ a0

et 9B -grLG)]}b =Nz (1)

where wy, = pog; Hro/h.
It should be reminded, that the axial symmetrical excitation process creates

~p20) + wr { —iap(j) cos a +

only the population and the longitudinal alignment in the ensemble of particles.
Then, according to (7.1), at @ # 0 the magnetic field will mix the components
of polarization moments that leads to appearance in the ensemble new types of
ordering: the inclined and the perpendicular alignment. The inclined alignment
(polarization moment p7) defines the Stokes parameter U. Hence, considering the
“inverse” problem one can determinate the value of magnetic field if parameter U
is known from the experiment.

Results of solution of the equation (7.1) in the stationary regime for the tran-
sitions 3°Sy — 4°P3, 335, — 43P, and 3°P; — 4°D; of the oxygen atoms, excited
by the non polarized Solar light, are illustrated in fig 9b and 9c. This transitions
was selected because on one hand they can be observed in the auroral emission
[15] and on the other hand upper states of this transitions has rather large time of
life (193 107%sec, 160 107?sec and 96 10~?sec for ° Py, *P, and °D, consequently
), therefore weak geomagnetic field has time to "untwist” atomic moments. Fig 9c
illustrates the dependence of parameter U on the value of magnetic field for the
value of angle a = 30°. From this plot one can see, that the value this parameter is
rather sensible for the value of magnetic field and the value of the Stokes parameter
U is as large as some tenths of percent at the value of magnetic field about 0.3G's.
At the fig. 9b the dependence of the Stokes parameter mentioned above on the value
of angle « is represented for the value of the magnetic field strength 0.5G's. From
this plot one can see that for each transition the optimal value of angle o exists,
that provides the extremely value of parameter U.

8 The influence of field-aligned currents at the
region of polar cusps on the polarization char-
acteristics of auroral emission.

The current’s distribution in the North Polar Cap obtained from the data of satellite
TRIAD [16, 17], is represented on the fig. 10a. From this plot one can see, that
the field-aligned currents are observed as a rather extend layers (curtain currents)
stretched along the geomagnetic parallels.

The detail of the current system and induced by it magnetic fields are repre-
sented in fig. 10b. field-aligned currents are closed in ionosphere by the Pedersen’s
currents, the distribution and the altitude of which depends on the distribution of
conductivity, i.e. on location, time, season and intensity of geomagnetic activity. In
addition to Pendersen’s currents the intensive Hall’s currents are generated in iono-
sphere. This currents are directed along parallels and named the auroral electrojets

(6Hjet)



The magnetic field of electrojet is directed over the geomagnetic meridian and
can be observed on the Earth’s surface as the disturbance of the geomagnetic field.
In the region above the electojet this field changes sign.

The field of field-aligned and Pedercen’s currents (6 Hy,.) can not be observed on
the Earth’s surface. This field are directed along parallel and located in the region
between field-aligned currents.

According to scheme mentioned above atomic system located in the zone of
influence of the electrojet and Pedersen’s fields, is affected by the field

ﬁ = (5Hfac) e—$> + (5Hjet) e—y> + Hg606—2’>' (81)

Here H,., is the geomagnetic field, directed along OZ axis. It’s direction coin-
cides with that’s of excitation, provided by the Solar wind particles, propagating
along the magnetic field strength lines. Then introducing the dimensionless fre-
quencies Wyeo = fhog; HyeoTo/h and wo = (f10g;70/h) [0 Hjet + 16 Hp4c], the evolution of
components of alignment tenser enforced by the field (9) is given by equation

(=1 — iwyenq) p* + % [wg (2—q)(3+q)pl_y —woy/(2+q)(3 - Q)P§+1] — N, =0.

(8.2)
In should be noticed that because of the characteristic values of dHje;, 0 H g
and H,., that are consequently equal to 0.015 Gs, 0.005 G's and 0.5 G's, Larmour’s
frequencies of these fields are connected by the relation wy,. < wjer << Wyeo-
The decomposition of the ratio U/Q ~ Imp3/Reps over the small parameter
Wiqe takes the form

[mp% 3 2Weae

(8.3)

~ —
2 2 .
R€p2 4wgeo Wiet

From this relation one can see, that the dependence of the right hand part of (8.3)
on wy,. practically begins on the origin of the frame of reference. The dependence
of the ratio U/Q on the value §Hy,, for the transition 2° P, — 3°S; of oxygen atom
(10 = 1.8107* sek wyeo = pogToHyeo/h = 3164H,.,) is represented at the fig. 1la.
One can see that this dependence is in a good agreement with formula (8.3).

From formulas (8.3) one can obtain the value of § Hy,, if values of the ratio U/Q
and that’s of the fields 0 H;.; and 0 H,., are known. But the practical realization of
this methodic is connected with significant difficulty.

It is clear that the diagnostic of the value d Hy,. may be successful if the source
of emission is localized in ionosphere above the current layer . The ionosphere’s
currents at least in the night part of auroral zone flows in the region of maximal
conductivity i.e. in the region of Aurora Borealis where is the transition 23 P, —3° 5,
exists and can be used for the diagnostics of magnetic field. The exited 3°Sy of
oxygen atom has the time of life 7, = 1.8 10™* sec and in this state the spine
alignment can be induced. At the altitudes less then 120 km this state effectively
extinguished by the collisions [18]. Therefore the emission A = 1357 A correspondent
to this transition, will came from the altitudes above the current’s layer. Unfortu-
nately the ultraviolet radiation A < 25004 almost completely absorb by the Earth’s
atmosphere.



More favorable situation is provided in the Polar cusps region where the altitude
of Aurora Borealis is about 250 km. Here the Pedersen’s conductivity at night is
very small and field-aligned currents close in the F - region. This condition provides
the opportunity of measuring the value of the field 0 H ..

9 Application of polarization spectroscopy to di-
agnostics of the aerosol clouds.

Intensity of radiation scattered by an ensemble of the macroscopic particles orien-
tated in a certain way is given by a relation:

Loy ~ (2. 52)[ (9.1)

where 3;; (1,7 = z,y,2) are components of the scattering tensor and € and &}
are the orths connected with the directions of observation and the incident radiation.
The tensor 3; ; depends on the shape, structure and the sizes of particles. If the size
of scattering particles is small comparing to the wavelength, the scattering tenser
coincide with the tenser of dipole polarizability.

A specificity of the formula (9.1) is that it "mixes” characteristics of ensembles
of particles as to be typically described by the scattering tenser and observation
conditions: a nature of incident radiation field and the observation geometry. In
order to split these principally different contributions into (9.1) and to connect
optical observables with the scattering properties of ensemble of aerosol particles,
it is worthwhile to expand the unit vectors @ and € over the circular orth base:
€ =Y,be, € =Y ,a,¢€, where (¢ =0,+1).

Then introducing tenserial values

Sl DA P (9.2

7' q —q m
and
o1 1 A
n-sen L0 (9
7,9’

where expressions in square brackets are the Clebsch-Gorgan coefficients, after
some cumbersome transformations exploiting the momentum coupling technique the
formula (9.1) may be written in a way

Ly~ 3 (—L)EEMRHuQlM (2 g8\ /(204 1) (20 + 1) (2X + 1)

Lvlvl/A7/\\/7/~L7.‘L/

I A1
AN L N
PRt .

where notation {} is a 95 coefficient [?] and a term



Ot (@ @)= Y (1) AL B! (e, 8,7)

—-m m ;Mo
m,m’ mi

!
Vol +1 l L r ] (9.5)
me —my; M

that is known as the polarization tenser, contains D£n7m2 is an element of the
rotation matrix, depending on the Fuler’s angles «, 3, and ~. These angles charac-
terize an orientation of the system of reference XY Z with OZ— axis connected to
a direction of an incident light beam and an observation system X;Y;Z; with OZ;
axis as a direction of observation.

The coefficients A are defined by the formula (9.2) and the coefficients B! are
described by the similar expression with a substitution of b, instead of aq As a re-
sult, all observation conditions are reflected in the polarization tenser CI)Z 7 (7 ),
Whereas the scattering properties of an ensemble of particles are 1nc0rporated in the
factor ﬁjﬁi;* on the right hand part of formula (9.4). The values 52 may be con-
sidered as components of a scattering tenser within the basis of spherical functions
Yap(A=0,1,2; p=0,%1,... £ ).

In case when radiation is scattered by an ensemble of arbitrary orientated parti-
cles, an averaging over orientations of the scattering particles should be performed
in formula (9.4). Axial symmetry in the space orientation of the ensemble of scat-
tering particles will be assumed for simplicity. This means that if XY 7 is the frame
of reference with OZ axis connected to the symmetry axis of a solid angle within
which all particle can be considered as oriented in the similar way, the distribution
function will depend only on angle ¥ between OZ and OZ axes. Averaging of (9.4)
one may obtain

16780 ~ E(—l)LQZLZ/(?7€_0>) Tlﬁ/ (96)
Ll
where
1T M 1
Th = 3 (1M R+ ) @A+ )N+ ) L L
N 1 X 1

[/\/\’
po—p 0

The symbol tilde over some values denotes that these values are referred to the
system XY Z, fEisa coefficient of expansion of distribution function over Legendre

] /sy (9.7)

polynomials
L P ) f (D) do .
fh= s [ Puteosd) ) v, (9.8)
and according to (9.5):
ok, (2,8 = 00 (@, &) = Y. (~1)" AN BL DL (o, 8,7)



\/m[l . L]. (9.9)

my —my 0

Utilizing the property of the transversely of the electromagnetic radiation one
can calculate the values of coefficients Aé and Bé (I =0,1,2.) and finally write the
relation for the Stocks parameter @) :

0=l _ Yo (D" [0F, (@, @) - oy (&1, &) T,
Lo+ 1L, Y. (= {\/_ALTOLL + 2 { Yo (&7 €) + 05 (&, @ )} TZL,Zl}

(9.10)

This formula is applicable for an arbitrary orientation of the system of reference
XY Z with respect to X;Y; 7. In the simplest case when axes OY and OY;] coincide
the matrix element of the rotation matrix on the right hand side of (36) depends
only on the angle 3 (D2 my = D3 (0,8, O)) and because of transversality of incident
radiation the possible values of m; are 0 and £2 . Therefore a right hand part of
(39) depends on cos?g3.

As en example the case of excitation of aerosol particles by the unpolarized
incident light propagating along OZ direction will be considered. It will be suggested
that the direction of observation is OZ one ( see fig. 11b). In this case the relation
for the Stokes parameter () takes the form

Ay sin?

Q= 2sin” 5 (9.11)
Ay 4+ Ajcos? 3
where

1 1 5

Ap = §T20,2 + §T22,0 - T \/—T242 (9.12)
2 V10 1
Al - ng’O —|— TTOQ’Z - §A2

The angle 3 contains all information about conditions of observations and all in-
ternal properties of scattering ensemble is contained in tensers Tk w - The expression
() depends on five tensors: Té{o, T£2 , T22,0 , T2272 and T;Q. Therefore for determina-
tion of these tensers one needs not less then fife measurements of parameter () under
different angles 3. Making special assumptions about the shape of the scattering
particles one can predict the properties of the scattering ensemble.
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Figure 1: (a) The hollow cathode and the system of reference linked with it; (b) curve
(1)-the radial dependence of the sum of intensities, curve (2)- the radial dependence
of the alignment signal.



Solar spots

Figure 2: The schematic imagination of the magnetic loop of the solar flare.
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Figure 3: System of reference that was introduced for the interpretation of experi-
mental data.
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Figure 4: The dependence of the Stokes parameter Q of the H, emission on the
value of the energy of proton beam: curve (1) the result of calculation in the base
of 14 (n = 1,2, 3) wave functions; curve (2) the experimental dependence [5]; curve
(3) the result of calculation in the base of 10 (n = 1,3) wave functions.
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Figure 5: (a) The dependence of the polarization moments pJ (curve 2) and p2 (curve
1)on the value of the energy of the incident electron beam; (b) the dependence on
the same value of the polarization characteristics of 2P; —1! D, transition of oxygen
atom.
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Figure 6: (a)- The systems of vectors that was introduced for the description of the
position of electron th the field of two centers; (b) -the dependence of the Stokes
parameters on the energy of relative motion for the partial transitions (1)- 4p — 3d,

(2)- 4f — 3d and (3)- 4d — 3p.



Figure 7: The dependence of value A = U/Q on the value of the parameter n: curve
(1) a =1, curve (2) a = 10, curve (3) a = 20, curve (4) a = 40.
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Figure 8: (a)- the dependencies of the inclined alignment, observed from the direc-
tion of the magnetic field, for the duration of the excited impulses 7 = 1 and for
some values of Larmor frequency w (w = 0.1 curve 1, w = 1 curve 2, w = 2 curve

(v)

3, w = 3 curve 4; (b)-the solution equation A}Y(w,?) = 0. (¢) - curves w = w(t) on

which the derivation of the function Al(g)(w, t) is zero. The symbols plus or minuses
denotes the sign of this derivation in corresponding area.
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Figure 9: (a) the scheme of observation. (b) - the dependence of the Stokes param-
eter () on the angle of inclination of the direction of geomagnetic field. The value
of geomagnetic field is 0.5 G's. Curve (1) - transition 3p°Sy — 4d°Ps, curve (2) -
transition 3p® Py — 4d° D3 and curve (3) - 355, — 4p® Py; (c) - the dependence of the
Stokes parameter () on the value of geomagnetic field. The angle of inclination is
30°. Curve (1) - transition 3p°Sy — 4d® P3, curve (2) - transition 3p® P, — 4d® D3 and
curve (3) - 3535; — 4p° P;.
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Figure 10: (a) - the distribution ot the file-aligned currents; (b)- the schematic
imagination of current system and inducted by it the magnetic fields.
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Figure 11: (a)- the dependence of the ratio U//Q for the transition 2°P; — 355, of
oxygen atom on the value of § H 4., (b) - the system of reference that was introduced
for the description of the light scattering by aerosol particles.
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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 anon-equilibrium plasma environment. It is essentia to alow 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 trestment 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. Thisformulation 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

Polarizedatomicradiativeemissionis usually a result of a non-uniform (or non-
statistical) distribution of the population densities among the degenerate(or nearly
degenerateangular-momenturmagnetic(M) sublevelsof the excited atoms(or ions). A
non-uniform distribution of M-sublevel populationscan be createdby directed-electron
excitation, laser- or optical-photon excitation, or by the action of elemntneagneticfields.
The measuremerdind analysisof polarizedradiative emissionfrom bound-boundatomic
transitionshasbeenwidely exploitedto provide informationon the natureof the various
anisotropic(non-equilibrium)excitation mechanismsand the strengthof the electric or
magneticfields. In the presentinvestigation,a theoreticalanalysisof the total intensities,
angular distributions and polarizationsis developed specifically for atomic radiative

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

Using a density-matrixapproach,we have developeda very generalquantum-
mechanicadescriptionof polarizedatomic radiative emissionfrom autoionizingstatesin
the presenceof electricand magneticfields. By meansof this approachwe cantake into
accountthe quantum-mechanicainterference phenomenaassociatedwith the coherent
excitation of the autoionizing states. The present investigataynbe regardedas a natural
extensionof our previously developeddensity-matrix description for atomic radiative
emission in electric and magnetic fields [1], for which the primary emphasis wasiod-
boundatomicradiativetransitions.The electric-fieldinducedenhancementf the radiation
emittedin the dielectronic-recombinatioprocesseswhich canbe understoodn terms of

the electric-fieldinduced modification of the radiationless-caputrand autoionizingrates,



has beentheoreticallypredicted[2-4] and experimentallyobserved[5-7]. Recently, the
alteration of electric-fielenhancedlielectronicrecombinatiorby a perpendiculamagnetic
field has been theoretically investigated [8-10] and experimentally identified [11R1@])r
analysis of polarized atomic radiative emission framoionizingstates,we shall allow for
a general set of steady-state (possibly coheetathic-excitatiorprocesses 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 illustratediril. The specialcase
of perpendicularelectric and magneticfields is encounteredn numerousexperimental
arrangementdn their restframe of referenceatomic systemsmoving in a magneticfield
will be under the influence of a Lorentz (or motioragctricfield. In any referenceframe,
an electromagnetic fieldan be treatedas composedf perpendiculaelectricand magnetic
field componentswhich are also perpendiculato the photon propagationdirection. In
both charged-particldoeamand plasmaenvironmentsthe total electric or magneticfield
actingon the radiatingatomic systemmust often be determinedas the sumof an external
(applied)field and an internal (possibly dynamical)field. In a high-densityplasma, the
action of the relatively slowly moving iorsasbeencustomarilytreated(in the quasi-static
approximation) in termsf an isotropic (nearly equilibrium) statisticaldistribution of static
electric fields, but it is often necessaryconsider an anisotropic (non-equilibrium)
componentorrespondingo turbulentelectric fields. In a tokamakplasma,a dynamical
(poloidal) magneticfield is generatedperpendicularto the externally applied (toroidal)
magnetic field. In a tokamak plasma, the viewing angle 8 may be selectedto be
perpendicular to the known toroidal magnetic field. In an electron-ion b&perimentthe
most convenient angle abservations usually at a direction perpendiculato the electron

beam. However, it has been recognittest more detailedspectroscopiinvestigationscan



only be madeby a variation of the angle of observationaway from the perpendicular

direction.

In the theoretical description of polarized atomadiativeemission,it is convenient
to distinguish betweena simple polarization-density-matrixdescription [1], which is
applicable to an isolated atomic system combined with the relevant mode of the
electromagnetidield, anda moredifficult quantum-opens-systemsduced-density-matrix
formulation [14], in which the influence of the larger system(environment)of charged
particlesand photonsis treatedin terms of relaxation (or decoherenceprocessesand
spectral-linebroadeningmechanisms. The ordinary Hilbert-space quantum theory of
polarized radiative emission, following directed-electron collisional excitati@n isolated
atomic system(in the absenceof electric and magneticfields), was first presentedby
Oppenheimefl5] and subsequentlyefinedby Percivaland Seaton[16]. A polarization-
density-matrix approach to this theory of radiative emissiorbbaspresentedy Inal and
Dubaufor ordinary bound-boundatomic transitions[17] and subsequentlyextendedto
dielectronic recombinationradiation [18]. A polarization-density-matrixdescription for
dielectronic recombination radiation (in the absence of electric and magnetic fieldgehas
developed by Shlyaptseva, Urnov, and Vinogradov [19, 20aptiedby Shlyaptsevaet
al. [21] to spectroscopiobservation®n the electronbeamion trap EBIT at the Lawrence
Livermore National Laboratory. Radiative emissionfrom atomic transitions excited by
electrons spirally in magnetic fields, where the electrons with velocity components
perpendiculato the commonelectron-beanand magnetic-fielddirection acquirea helical
trajectory,has beentreatedby 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 [bawee
exploited the methods and techniques advanced in our esatisity-matrixdescriptionsof

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



processes [23, 24], agell asin the density-matrixanalysegpresentedy Inal and Dubau
[17, 18]. The presentmore comprehensiveeduced-density-matriformulation has been
based on a fundamental (Liouville-space) quantum-open-systemsapproach. This
formulation provides a detailed description for a gensetbf steady-stat@mon-equilibrium
(possibly coherent) excitation and de-excitation processes involviragdimc autoionizing
states,in the presenceof an arbitrary arrangemenbf static (or quasi-static)electric and
magnetic fields and under the influence of environmental collisexm@iadiativerelaxation

(or decoherence) processes.

I1. POLARIZATION-DENSITY-MATRIX DESCRIPTION

Variousversionsof the polarization-density-matrixormalism has beendiscussed
by Fano [25], Jacobs [23, 28Jum ([26], andby KazantsevandJ.-C. Hénoux[27]. In
our density-matrixdescriptionof polarizedradiative emission,we have assumedhat the
matrix of the total Hamiltonian operator, describing tieny-electroratomic systemin the
presence of aarbitrary arrangementf static (or quasi-staticelectricand magneticfields,
has beerliagonalizedn a basissetof field-free atomic eigenstates.The completeatomic
basisset consistsof discretebound states,discrete autoionizing resonancesand non-
resonantcontinuum (electron-ionscattering)states.The autoionizing-stateexcitation and
spontaneous radiative emission procesgtisbe treatedasindependenevents.However,
in a generalizedcollisional-radiative model, all important excitation and de-excitation
processesnustbe takeninto accountin the determinationof the initial autoionizing-state
densitymatrix. The initial excitationprocessis accordinglytreatedin termsof a density
matrix, whosediagonalelementggive the familiar populationdensitiesof the autoionizing

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



The steady-state (frequency-dependentjntensity, angular distribution, and
polarization of the radiation that is emitted in the atomic transitionsy, - vy, can be
determinedfrom the photon-polarizationdensity operator. In terms of the transition
operatorT, whoselowest-ordercontributionis given by the electromagnetic-interaction
operator V, the matrix elementsof the photon-polarizationdensity operator can be

expressed in the form

(e ATV O (yilo Iy )vir Ot k). (1)

fi,i

M) =3
The photon-helicity guantum numbers may have the numerical values A, A" = + 1,
corresponding the right and left circular polarization along the direofiaservationThe
summations over f, i, and include the quantumnumbersspecifyingdegenerater nearly
degeneratsublevelsof the field-dependenfinal and initial statesin the atomic radiative
transitionsy, - y;. Theserestrictedsummationsare indicated by the prime above the
summationsymbolin Eq. (1). p* is the density operatorrepresentinghe field-dependent
atomic autoioning states. The quantum-mechanicainterference between radiative and
dielectronic recombination can be incorporated by takityaccountthe autoionizing-state
coherences, which correspond to the non-diagonal elemepitslioforder todeterminethe
precisespectraldistribution of the possiblyoverlappingStark and Zeemancomponentsit
is necessaryo retain the high-ordercontributionsin the perturbationexpansionfor the
transition operatoll. Thesehigh-ordercontributiongive rise to energyshifts and spectral

widths of the dielectronic satellite lines.

Since polarizations intimately relatedto angularmomentumijt is advantageouto

employ the angular-momentunrepresentatiorfor the discrete bound states, discrete



autoionizingresonancesand non-resonantontinuumatomic states.We also employ the
electromagnetic-multipole expansion for the quantized radiéistch Accordingly, we will
assume that the field-dependénitial atomic eigenstatesanbe expandedn a basissetof

field-free angular-momentum eigenstates:

lyitd = > [4)J ML g Mjly; U 2)
Aj Ji M

HereJ; is the total electronicangularmomentum,Mj is the componentalong a suitably
chosenatomic quantizationaxis, and Aj denotesthe set of remainingquantumnumbers.

Hyperfine structurewill be ignored in our analysis. The field-dependentfinal atomic
eigenstates can be represented by an expansion in the sanaes teqn(2). We emphasize
that the completebasisset of field-free atomic statesmust include the bound states,the
autoionizing resonances,and the non-resonanceelectron-ion-scattering(continuum-
channel)statest is alsowell know that the field-free unperturbed-eigenstatxpansion,
while formally complete, may not provide an economiegiresentatioior atomicsystems

under the influence of strong fields.

The photon-polarizatiorparametersywhich are most naturally definedwith respect
to the direction of spectroscopic observation, can be conveniently relatedundbmental
electromagnetic-transitions amplitudes, which are usually defined with respeeatomic
quantizationaxis. This canbe mostreadily accomplishedy introducingthe expansiorof
the radiative-transitiomatrix elementsn termsof the matrix elementsof effective electric

and magnetic multipole operators:
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Here Q(_Jr)n denoteghe irreducible spherical-tensoform of the effective electromagnetic-

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

multipole-momenttensor operator Q(_j,)n. The quantities Dg\jzn(lz) designatethe matrix

eIementng\jzn (¢,6,0) of the Wigner rotation operatorthat correspondingo the desired

coordinaterotation. The multiplying factors A(j) are defined in accordancewith the
particular types of electromagnetic-multipoleomponents.The matrix elementsof the
effective electromagnetic-multipole-momerdperator can be evaluatedin the angular-
momentunrepresentationn termsof Wigner 3-j symbolsand reducedelectromagnetic-

multipole-moment matrix elements, using the Wigner-Eckart theorem:
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In order to take into accountboth the electric and the magnetic multipole contributions

associatedvith a given value of j, Q(_Jr)n should be definedto include the contributions

associated with all permissible values of the photon parity.

For ordinary bound-boundradiative transitions, our expressionfor the photon-
polarization density matrix has been presented by Jacobs and Filurk §i¢.derivationof

this expressionwe retainedonly the lowest-ordercontributionin the perturbation-theory



expansion of the electromagnetic-transitaperatorT. In orderto provide a more detailed
spectral description for radiative transitions from autoionizing states, as well as to
incorporatethe qguantum-mechanicahterferencgphenomenaywe now considerthe entire

electromagnetic-transitioroperator and employ the effective electromagnetic-multiple-

moment operators Q@r)n The correspondinggeneralizedexpressionfor the photon-

polarization density matrix elements may be presented in the form:
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The prime abovethe summationsymbolis usedto indicatethat the summationsoverf, i,
andi' areto be takenover quantumnumbersspecifying degenerater nearly degenerate
field-dependent sublevels, as in Eg. (1). Although we are primarily concerneel@attic-
dipole transitionsfrom the autoionizing levels, we find it advantageoudo retain the
generalityfor arbitrary electromagnetic-multipolénteractions,including the interference
betweendifferent multipole amplitudes.We also emphasizethat this expressioncan be

employed for an arbitrargirrangemenbf electricand magneticfields andfor a generalset



of steady-staténon-equilibrium)excitationprocesseslf we neglectfield-induced mixing
of the atomic eigenstates, our general expredsiothe photon-polarizatiordensity matrix
may be reducibleto the result obtainedby Inal and Dubau [18], who investigatedthe
directed electron excitation of polarized atomic radiative emission during dielectronic-
recombination satellite transitioms the absenceof electricand magneticfields. However,
it should be pointed out that the density-matrixformulation used here is basedon a
boundary condition in which the initial atomic statesare taken as the autoionizing
resonances. This leads to a formulatioat is different thanthe one presentedy Inal and
Dubau[18], which is basedon the boundarycondition involving the initial electron-ion
continuumstates.n the applicationof our formulationto electron-ionbeamexperiments,
the dependenceon the electron direction would occur in the generalizedcollisional-

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

The matrix elements of photon-polarization density operator beseexpressedn
a non-perturbativeform, in terms of the reduced matrix elementsof the effective
electromagnetic-multiple-momenperatorspy meansof Eq. (5). Thesematrix elements
areexplicitly given asfunctionsof the photon-emissiordirection, in terms of which the
photon-helicityquantumnumbera is defined. Following Fano and Racah[28], Happer
[29], Omont [30], and Baylis [31], this photon-polarizationdensity operator may be

presentedas an expansionin terms of the irreducible spherical-tensoroperators

T ()

pR=y

I

5 eRGHIM)TOMGH DD M (k). (6)
,M,M'

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

componentf the photon-polarizatiordensity operator.The irreducible spherical-tensor



representatiof the photon density operatoris advantageoushecauseonly a very few
electromagnetic multipoles are normally involveaity atomicradiative-emissiomprocess.
In contrast,the irreducible spherical-tensorepresentatiorof the field-dependentatomic

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

pPP= 5 3 T PR @ia g KN TENG S, (7
AD; 33 KN

involves two expansions that should be taken over the dxasissetof unperturbedield-
free atomic eigenstates. Consequently, the irredusjiiierical-tensorepresentatiomf the
atomic density operatorcould be advantageoug$or weak fields or perhapsfor parallel
electric and magnetic fields. For atomic systems with axgliymetry,in which caseN =
0, it is useful to introduce a representatajrthe atomic autoionizing-statelensityoperator
in termsof componentdescribingorientation(correspondingo odd values of K) and

alignment (corresponding to even values of K).

The photon-polarizationdensity operator is most commonly presentedin a
representatiorbasedon the StokesparametersThis representatiortan be expressedas

follows [26]:

rR_OD1+n2  —N3+imO
(plng-in,  1-ny

(8)

The total spectral intensity summedover all photon-polarizatiorstates,is determinedoy
the normalizationcondition on p®. The parameters), andn, specify linear polarization,
while n, representsgircular polarization.Using the non-perturbativeapproach,nvolving

the entire electromagnetic-transition operateatherthanthe lowest-ordercontributionV,



the 4 photon-polarization parametees be determinedasfunctionsof the frequencyand

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

The complexdependencen the electricand magneticfields is incorporatedin the
coefficients (A;JM;ly;) and (A;JMg |y ), which must be determined by a

diagonalization, in the field-free angular-momentumbasis representation, of the
HamiltonianH describingthe atomic systemin the presentsof the electric and magnetic
fields. The electric-field induced mixing of the autoionizsigtescan significantly alter the
radiationlesselectroncaptureand autoionizationrates[2], which occurin the collisional-
radiative model used in thaeterminatiorof the autoionizing-statgopulations Physically,

the enhancemendf the dielectronic-recombinatioradiationin the presenceof an electric
field may be understood as a redistribution of population among the outer-eléckevals
toward higherd stateswhich havenegligible field-free autoionizationratesand radiative

decay rates that are essentially independent of

I1l. REDUCED-DENSITY-MATRIX FORMULATION

The quantum-open-systemsgeduced-density-matrixapproach can provide the
fundamental basis for a non-perturbative and non-equilibrium quantum-statistical
descriptionof electromagnetianteractionsinvolving many-electronatomic systemsin
electron-ion beam interactions and in high-temperaturelaboratory and astrophysical
plasmas Specifically,accountcan be takenof the multitude of additionalinteractionsthat
arise fromthe influenceof the muchlarger system(environment)of charged-particleand
photons.The environmentis assumedo be not significantly affectedby the interactions
with the much smaller (relevant) atomic system.However, the dynamicalevolution and

electromagnetictransitions of the atomic system can be significantly altered by the



environmentalcollisional and radiative interactions.Within the context of the quantum-
open-systemsapproach,these environmentalinteractions are treated as relaxation or

decoherence processes and spectral-line broadening mechanisms.

The partition of the entire, interactingquantumsysteminto a relevantsubsystem
(consisting of the atomic system and the obsepletonmode)andan environmenis by
no meansunique.In addition,the appropriatedecompositiormay strongly dependon the
particulartype of measurementhat is desired.In the ordinary Hilbert-spacequantum-
mechanical perturbation theory, different partitions ofttiial HamiltonianoperatorH into
an unperturbed Hamiltonian operatgyathd aninteractionoperatorV would be equivalent
if the interaction could be takento accountto all ordersin the perturbationexpansionin
contrast, different partitions in the quantum-open-systemseduced-density-matrix
description are intrinsically inequivalent and will inevitably lead to different

approximations.

A general statistical state of the combined, interacting quantum system is
representedy the completedensity operatorp, which is conventionallyassumedto be
initially expressible as the uncorrelated, tensor-product of the density operators
representing the initial state of the relevgnantumsystemandthe initial quantumstateof
the very large collisional and radiative environment.The relevant quantum systemwill
consist of the many-electron atomic system (which is initially in a sattofonizingstates)
combined (entangled) with the relevant (observable) modi glantizedradiationfield.
The final state of the entire, interacting quantum system correspondditatisateof the
atomicsystem(in the setof final statesfollowing the stabilizing radiativetransitionsfrom
the autoionizing states), combined with that of the detected photons. The radiative
transitionsoccur under the simultaneousinfluence of the environmentalcollisional and

radiative relaxation (decoherence) phenomena.



The statisticalstateof the quantumsubsystenof interest(consistingof the many-
electronatomic systemand the detectedphotons)can be most generally expressedoy
means of the reduced, relevalensityoperatorp’, which is definedmostdirectly in terms
of an average(trace) operationover the quantumnumbersspecifying the environmental
degreesof freedom.Alternatively, it is advantageouso formally introduce the reduced
descriptionby adopting an abstract procedurebasedon the Zwanzig Liouville-space
projectionoperatorsWe emphasizdhat, in the reduced-density-operatalescription,the
interactions of the quantum subsystemof interest with the environment are treated
stochasticallyas collisional and radiativerelaxation(decoherenceprocessesnd spectral-
line broadeningmechanismsFor the treatmentof coherentinteractions,the reduced,
relevantsystemmust obviously be definedto include all coherentlycoupled(entangled)

subsystems.

In the time-independent(frequency-domain)version of our reduced-density-
operator description, the radiative-transition rate is expresstbeé generalizedyolden-rule

form [14]

ARadi - f.0) = - liino<<Pfr‘Tr(+ia)‘pir>>
1 vl

9)
| elzlino<<Pf +ig - L —i(+is)v P >>

The quantity T'(+i€) is the Liouville-space analogueof the ordinary Hilbert-space

ARAYA

transition operator T, and the asymptotic (scattering-theory) boundary conditidicged
by the £ - 0 limit. The relevantLiouville-spaceoperator L" (or Liouvillian operator)is

definedin termsof the commutatorof the full (relevant)subsystemHamiltonian operator



H" describing the many-electratomic systemtogether(entangled)with the restrictedset

of observedphotons. The relevantLiouville-spaceinteractionoperator V' includes the
electromagnetic interaction of the atom system, togethertiatimteractionresponsibldor

autoionization.The initial stateof the relevantsubsystemis representedoy the density
operator p;". In this investigation, the initial-state density operator representsthe

autoionizing-state populations and coherences. The Liouville-space self-energy operator
which is the result of the quantum-open-systen{seduced-density-operatodescription,
representghe effects of the environmentalelectron-electronglectron-ion,and electron-

photonrelaxationprocessesThe single-photorspontaneousmissionprocesss formally

described by means of the final-state projection opefaforFor single-photorabsorption
or multi-photonprocessesthe relevantfinal-stateprojection operatorswill have different
definitions. The Zwanzig Liouville-spaceprojectionoperatorswhich occurin the explicit
expressionfor the Liouville-space self-energy operator, introduce (quantum-statistical)
average®ver the environmentaldegreesof freedom.Although theseaveragesare often
carried out assuminiylaxwellian and Boltzmannequilibrium distributionsfor the free and
bound electrons, respectively, and Bose-Einstein equilibdistnbutionsfor the photons,

our general formulation is applicable to non-equilibrium distributions.

The general (tetradic-matrix) form of the expression given by Eq. (9) caseloko
determine the spectral-line shape an array of (possiblyoverlapping)emissionlines due
to radiative transitionsamong the sublevelsfrom two groups of closely-spacedipper

(autoionizing)andlower (bound)atomic levels. The Liouville-spaceself-energyoperator

>, which occursin Eq. (9) as a correction to (renormalizationof) the unperturbed
(environment-free).iouville-spaceresolventoperator,is definedin the reduced,relevant
subspacespannedby the eigenstatesrepresentingthe many-electronatomic system

combined(entangledwith the observedphotonstates.Consequentlythe Liouville-space



self-energy operator is in general a function of the emitted plestergy(or frequencyw).
In the widelyusedisolated-lineapproximation the standard_orentzianspectral-lineshape
can be recoveredfrom the generalexpression.In the perturbationexpansionfor the
Liouville-space self-energyoperator,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 approximatersolated-
line shift and width can be expresseds the sumsof the partial contributionsfrom the
individual collisional and radiativerelaxationprocessesctingalone. Quantum-mechanical
interference between the individual collisioaald radiativetransitionamplitudescanoccur
in the high-orderperturbation-theorgontributionsto the isolated-linewidth and shift and
in our more general(matrix) profile expressionslescribingoverlappinglines. In order to
include Stark and Zeeman broadening, the spectral-line-shape fonusihe evaluatedn
a basis of electric-field and magnetic-field dependent atomic eigenstaties;@essedn the
preceding section. The atonstatescould be determinedaking into accounta quasi-static
(ion-produced)plasmaelectric microfield and a (poloidal+toroidal)magneticfield or an
arbitrary arrangementf externally applied static (or quasi-static)electric and magnetic
fields. In order to make comparisonswith experimental observations,it is usually
necessaryo include eitherthe equilibrium or non-equilibriumDoppler effect, which is a

major source of inhomogeneous broadening.

The time-dependent(time-domain) version of our reduced-density-operator
descriptionis basedon the equationof motion for the reduced relevantdensity operator.
The reduced equatiasf motion canbe derivedfrom the Liouville-von Neumannequation
for the combined, complete density operator. The reducedequationof motion can be

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



t
%pr(t) = -iL'(Op' (0 -i [dZ(tt)p (1) . (10)
to

The self-energy operator kernel X(t,t'), which represents the time-dependent

renormalizationdue to the environmentalinteractions,can be formally related to the

frequency-dependent self-energy operatoroccurringin the time-independengresolvent-
operator)formulation. The formal relationship,which involves a Fourier transformation,
serves as the fundamental basis for a self-consiseatimentof non-equilibrium(possibly
coherent) atomic-state kinetics and (homogeneous) spectrahiapesFig. 2 providesan
illustration emphasizingthe role of this relationship in connecting the time-domain
(equation-of-motion)and the frequency-domain(resolvent-operator)versions of the
reduced-density-matrigpproachln the commonlyadoptedMarkov (short-memory-time)
approximationthe self-energyoperatorkernel is assumedo be independenof time. In
this approximation, the corresponding frequency-domain self-energy operatch,gives
rise to the spectral-line shifts and widths of the dielectronic satellite transitions, is
independentof the frequency. (For the treatment of ultra-short-pulse optical-laser
interactions,the Markov approximationmay not be valid.) A set of (further reduced)
guantum-kineticequationdor the atomic-levelpopulationdensities(correspondingo the
diagonal reduced-density-matrixelements), together with the atomic-state coherences
(representedby the non-diagonalreduced-density-matrielements),can be derived from
Eq. (10) by performing the average (trace) operation over the (relelgrgesf freedom
specifying the observedphoton states.The result may be describedas a generalized
collisional-radiative model, which can be used to determine the populations of the
autoionizing statesand as well as the autoionizing-statecoherenceslin addition, the
correspondingquantum-kineticeequationfor the reduceddensity matrix describingthe
observed radiatiofield canbe obtainedfrom Eq. (10) by carryingout the average(trace)

operation over the relevant atomic states. If the radiationd@h@rencesre neglectedthe



guantum-kinetics equation for the spectral intensitihefradiationfield canbe obtainedin
the form of the familiar equationof radiation transport. The usual (in-out) asymptotic
boundary condition of scatteringtheory, upon which the time-independentresolvent-
operator) description is baseday not be whatis desired,especiallyin the descriptionof
ultra-short-pulse optical-las@rteractions.Consequentlythe time-dependenfequation-of-
motion) formulation is often viewed as providing a more flexible foundation for the
investigationof generalelectromagnetidnteractions.In order to obtain the generalized
Master equationin a closedform rather than as a part of correlation hierarchy, it is
necessaryto invoke the conventionalassumptionthat the initial-state density operator,
referringto the entire interactingsystemof chargedparticlesand electromagneticadiation
fields, canbe expressedn the factorized,tensor-producform. This assumptionmplies
that initial-state correlationscan be neglected However, correlationsbetweencollisional
and radiative processesre introducedas a result of the generaltime evolution of the

density operator.

As in the time-independen{resolvent-operatorjormulation, it is convenientto

expand the self-energy operator kerBé,t') in a perturbation expansion powersof the
full Liouville-space interaction operator. The time-dependent perturbation-thealysisis
mostgenerallycarriedout in the Liouville-spaceinteractionrepresentationn placeof the
Schrddingerrepresentatiomdoptedn the derivationof Eq. (10). Sincethefull Liouville-
space interaction operator is the suneleictron-electronelectron-ion,and electron-photon
interactionoperatorsthe (tetradic)matrix elementsof the self-energyoperatorkernel can
involve quantum-mechanical interfererteems. Taking into accountonly the lowest-order
perturbation-theory contributions to the self-energy opetaorel, the equationof motion
for the atomic-state population densities can be expressed in termgavhilfe collisional
andradiativetransitionratesthat are obtainedfrom an evaluationof the standardgolden-

rule formula of ordinary Hilbert-spaceperturbationtheory. The optical Bloch equations



correspondto the extendedset of equations,taking into account the atomic-state

coherences.

V. SUMMARY AND CONCLUSIONS

A polarization-density-matrixdescription has been under developmentfor the
investigation of the total intensity, anguldistribution,and polarizationof atomicradiative
emissionfrom autoionizingslevels in an arbitrary arrangemenbf static (or quasi-static)
electric and magnetic fields. A general sestafady-statépossibly coherent)excitationand
de-excitationprocessesnay be taken into accountin the determinationof the (non-
equilibrium) populationsand coherence®f the initial autoionizingstates.The quantum-
mechanicalnterferencebetweenradiative and dielectronicrecombinationis describedby
allowing for the coherentsteady-stateexcitation of the autoionizing states.A quantum-
open-systemgreduced-density-matrixjormulation has also been developedto self-
consistentlytreat the influence of the environmentalcollisional and radiative relaxation
(decoherence) processes on the time evolution of the autoionizing-state density apdrator
on the spectral-lineshapesof the Stark-Zeemarspectralpatterns.Further details of this

investigation will be presented in a more extensive paper.
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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 whicaccounts 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].



|. 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 autoionizatiecay amplitudes. The photon density matrix has
the following expression [5]:

ion dop L (L)
p %VLXM LALLM g
,: . .
M o e s

where P| is a Legendre polynomial of ordér and V| is the “so-called” polarization moment of
the ion. In general, the expression f0| through autoionization decay amplitudgé in the
intermediate coupling scheme has a very cumbersome form:
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where @ denotes an autoionizing state of the idndenotes an initial state of the iofi; denotes a

final state of the ionj describes photor‘l; describes an incident electron, o68% are mixing

ph

coefficients.

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

P:\/1—4>< DetpP") ©

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

one term withL=2 and in the denominator two terms wilt=0 and 2 [5]. Then, the degree of
polarization will depend only oW, V2 , and an angle of observation with respect to an electron

beam@:

3><V2 xsin26
P(6) =- 4)

2+/10x VO +(3cos2 6—1)><V2

The maximum degree of polarizatidtyis equal:

POP) = 3 (5)

1- ZﬁOxVO/V2

In the case of low-density plasma the expression\for 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 autoionizagoayd for
low-density and high-density C-like ions.
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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

R(n1l1n2l2:n 212N l1) specified in Table 1 [7,8]:
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In the intermediate coupling scheme the partial autoionization At for the decay into
channel can be expressed through the amplitudes [7,8]:
J
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For low-density plasmas, there are only two channels of electron capture (EC) to

autoionizing states of C-like ions: 22°2p ks and kd, which can populate four different levels

of 1s282p° (see Fig. 1). For high-density plasmas, there are eight channels of EC, which can

populate sixteen different levels of 1828, 1s2p, 1s2s2 (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 Tablesi2j@r S

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

Table 1.

Numerical values of radial

integrals used in

expressions of amplitudes of autoionization decays.

0.016720

0.01477E

-0 .025217

0.026053

Designation Integral
Rol{ks) By,{({252s5 ,1sks)
Ro{kp) Rey{2s52p,kpls)
R,{ks) E,{2p2p ,1s5ks)
R;{kp) R;{(2s52p,1s5kp)

0.061745



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

P 1s2p 12p°(?P) -(V2/3)Ry(kS)

P 1s2p 12p°(°P) (1/3)R(kd)

P 1s2p 152p°(°D) (AN3)Ry(kd)

> 1s2p 12p°(?P) V2/3)Ry(ks)

> 1s2p 12p°(°P) (1/3)R(kd)

P 1s2p 152p°(°’D) (ANV3)Ry(kd)

°S  2$2p°['S]1s 182p°(*S) Ry(ks)

°S  282p°[*Slis 182p°2s('P) V3R (kp)]

s 2%2p°['S]1s 182p°(*S) -Ro(ks)

s 2%2p°['S]1s 182p*2s('P) -(V8I3)[Ro(kp)-(1/3)Ri(kp)]

’s  242p°[*Slis 182p°2s¢P) -(1N3)[Ry(kp)-(4/3)R (kp)]

D  292p°[°D]1s 1€2p°(°D) -Ro(ks)

D 252p°[°P]1s 1825°2p(P) (1N5)Ry(k2)

'D  252p°[°D]1s 1€2p°2s€P) -(V3N2)Ro(kp)

'D  222p°[°D]is 1€2p°2s€D) -(V3W2)[Ry(kp)-(2/3)Ri(kp)]

D 252p°[°D]ls 1€2p°(°D) Ro(ks)

D 252p*[°P]1s 1825°2p(P) (1N5)Ry(k2)

D 282p°[?D]1s 182p°2s('P) -(1N6)[Ro(kp)+(2/3)R(kp)

zD 2§2pz [lels 1§2§28§P) (3N3)[Ro(kp)-(1/3)a(kp)]

D 2s2p’[‘D]ls 152p"2s(D) (V3N2)Ry(kp)

o 2$2p°[°P]1s 182p°(?P) -Ro(ks)

o 282p°[°P]1s 1825°2p(P) -(V2/3)Ry(KS)

P 282p°[%P]1s 1825°2p(P) (L/3)R(kd)




Table 2 (continued)

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

iP 2§2pz [zP]ls 182p*2s€P) (V3W2)Ry(kp)

P 282p°[°P]ls 182p’2sfD) -(V5N6)[Ro(kp)-(2/3)Ru(kp
P 282p%[°Plis 182p°2s€S) (V2H/3)[Ro(kp)-(2/3)R (kp)]
P 282p°[°P]1s 182p°(°P) Ry(ks)

P 282p°[°P]1s 18252p(P) -(V2/3)Ry(ks)

P 282p°[°P]1s 18252p(P) (1/3)R(k2)

P 282p°[°P]1s 182p°2s¢P) (1N6)[Ro(kp)+(2/3)R(kp)]

zP 2§2pz [zP]ls 12222223((2‘9 -\(/2/\(/3)[R0(kp)-(1/3)R1(kp)

P 2%2p°[°P]ls 182p*2sfD) (V5N6)Ry(kp)

P 282p°[°Plis 182p°2s€S) -(V2W3)Ry(kp)

P 2p 2sfP]1s 182p*(°D) (V5/3V2)Ry(kp)

P 2¢'2sFP]1s 182p°(?P) -(1N6)Ry(kp)

P 2¢'2sFP]1s 182p*2s€P) (1/3)R(ks)

P 2p'2sfPlis 182p°2s¢P) -(V2/3)Ry (kd)

p ijZS[zP]ls 1§2p3(zD) -(V10/3)[Ro(kp)+Ru(kp)/6]

zp 2|c11 23[2P]1s 1§2pz(4P) -(V2IW3)[Ro(kp)+Ry(kp)/6]

¥t R - ey el
P 2s S S - S

P 2¢'2sPPlis 182p°2s€P) (V2/3)Ry(kd)

p ijZS[“P]ls 1§2p3(zD) (V20/3)[Ro(kp)-Ry(kp)/3]

zp 2p4 2s['P]1s 1§2pz(4P) -(2W3)[Ro(kp)-Ru(kp)/3]

I s N A waRty

p 2s S S S

P 2p'2s[Plis 182p°2s('P) (V2/3)Ry(kd)

EP 2p:23[4P]1s 182p°(*S) (1/3)R(kp)]

P 2P 2s[P]ls 182p°2s('P) (1/3)R(Kks)

P 2p'2s[Plis 182p°2s('P) -(V2/3)Ry (kd)




Table 2 (continued)

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

'S 2P 2sfS]is 182p°(°P) -(2V2)[Ro(kp)-Ry(kp)/6]

s 2p2sPS]is 182p’2s€S) -(2/13)R(ks)

'S 2¢2sfSlis 182p°2s€D) -(V2/3)Ry(kd)

%S 2p2s[S]is 182p°(°P) W2/3)Ry(kp)]

s 2p'2s[S]is 182p’2s€S) (2/3)R(ks)

’s  2p'2sPSlis 182p°2s€D) (V2/3)R (kd)

'D  2p'2sfD]ls 1£2p°(°D) ~V6[Ro(kp)-Ry(kp)/6]

'D  2p'2sfD]ls 1€2p°(°P) V2[Ro(kp)-Ry(kp)/6]

'D  2p'2sfD]ls 1€2p°2s€D) -(1/3)Ry(ks)

'D  2p'2sfD]ls 1€2p°2s€D) -(V28N90)Ry(kd)

'D  2p'2sPD]is 1€2p°2s€S) -(V2W45)Ry (kd)

0 2p'2sfD]1s 1£2p°(°D) (1NB)Ry(Kp)]

D 2p'2sfD]1s 1€2p°(°P) -(1/3/2)Ry(kp)]

0 2p*2sfD]ls 1€2p’2sfD) (1/3)Ry(ks)

0 2p*2sfD]ls 1€2p’2sfD) (V28N90)R,(kd)

0 2p*2sfD]ls 1€2p*2s€S) (V2W45)Ry(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

P 1s282p° 1£2p° (°P) Ry(ks)

P 1s282p° 1252p°(°P) W2/3)Ry(ks)

P 1s282p° 1252p°(°P) (1/3)R(kd)

P 1s282p° 15252p°(°D) (1N3)Ry(kd)

P 1s282p° 152s20(*P) (V8N 3)[Ro(kp)-Ru(kp)/3]

P 1s282p° 152s20(°P) (1N3)[Ro(kp)+2Ri(kp)/3]

P 1s282p° 152s20(%S) (1N3)Ro(kp)

P 1s282p° 152520 (°D) (V5A3)Ry(kp)

P 1s28p° 152p° (°P) Ro(ks)

P 1s28p 125°2p°(°P) -(V2/3)Ry(KS)

P 1s28p° 125°2p%(°P) (1/3)R(kd)

P 1s28p° 1525°2p%(°D) (1N3)Ry(kd)

P 1s28p° 152520 (°P) V3)Ro(kp)

P 1s28p° 152s2p(°S) -(1M3)[Ro(kp)-2Ry(kp)/3]

P 1s28p° 152s2p(°D) -(V5N3)[Ro(kp)-2Ry(kp)/3]

%S 1s2s2p 152s2p(°S) (1N3)Ry(ks)

%S 1s2s2p 152s2p(°D) -(V2W3)Ry(kd)

%S 1s2s2p 12p°(°P) -(V3)Ry(kp)

s 1s2s2p 152s2p(°S) (1N3)Ry(ks)

s 1s2s2p 152s2p3(°D) -(V2W3)Ry(kd)

s 1s2s2p 12p°(?P) -(2V3) [Ro(kp)-Ru(kp)/3]




B. Polarization-dependent spectra of dielectronic satellites of Tiions

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

3><<|>><1+P

I, == 8)
3-P

whereas the intensity of lines associated with the perpendicular polarization state is
|D:3x<|>x 1-P 9
For dielectronic satellite lines therdaveraged intensity<|> is expressed through th@d

factor and the electron distribution functidEDb) :

<|>:f(Eb)XQd (10)

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-ike and Be-like satellites lines, respectively. Two differeacds 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.



Table 4.

Atomic and Polarization Characteristics of Dielectronic
Satellite Lines of Ti Ions

a) Li-like Ti

TRANSITION

F

C

212-p

232-%8

232-58

234-p

2h4-p

2h6-P

436-P

212-p

233

212

212

234

232

234

234

234

Designations: K, C =

b) Be-like Ti

TRANSITION

" L R R ®BR L o =R =R R =" =R

333-pP
155-P
313-pP
111-p
353-pP
333-pP
335-P
355-P
353-P
357-P
333-pP

155-P

335
335
333
133
333
331
335
333
335
335
335
133

WL(A)  Ar(1083s1)  Aa(10'3s7)
2.6201 1.08E+01  3.01E+00
2.6212 6.35E+00 1.01E+01
2.6302 1.84E+01  2.0BE+00
2.6302 3.21E+01  2.82E+00
2.6320 1.55E+01 1.5BE+01
2.6354 1.17E+01  1.77E+01
2.6458 6.74E-01  1.03E+00
2.6816 5.52E-01  1.50E+01
1s2s2p F, M = 1s2p?

S = 1s22s P = 1s?2p

WLA)

M oK M K M KN M M N NN N

. 8366
.6374
. 8387
. 6425
. 6470
. 6472
. 6478
. 5482
. 6500
.a507
L6513
.6541

Ar{10Bs1y

o,
4.

W W OHE G R NK KM W

0BE+00

OSE+0Q0D

. THE+0QO
.A1AE+0L
L 2B6E+01
. TTE+OL
. JBE+0OL
.dB6E+01L
.Z23E+00
.ABE+01L
. TIE+O0O

.83E+00

Designations: K, Q = 1s2s2p?

Aa(l013s1y

2
1
5
7
)
9
2.
1
)
1
9
1

. IHE+0Q0
LASE+OL
. 31E+00
. 44E+00
. 3ZE+00
L 20E+00
SBE+0Q0
.G4E+01
. 3ZE+00
. B4E+01
L 20E+00

LADE+OL

P = 1s?2s2p

Qd(1013s-1

4.

E = 18282

(101351
L AIEFOQO

2
4]

3.

H W o 0 W o R RN

F4E+00

. BOE+00

. TAE+00Q

L01E+01

.0BE+01L

L 23IE+0L

. 44E+00

. 04E+00

L ZAE+00

JFOGE+00

. 44E+00
.0BE+01
LAJE+OL
. TTE+OQO
LAAE+OL
. Z2ZE+00
LATEAHOL
L O1E+0Q0

L Z0E+0O1

Eaut{eV)

335h4.

3304.

3288.

3336.

3325.

3327.

3309,

3246.

Eaut{eV)
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3375.
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3372.
3397.

[~ I I = -

c o o o o o o o <o O

P

=
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Fig. 2. Theoretical polarization-dependent spectra of dielectronic

satellites of Ti ions.




lll. 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.
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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 (T), the percentage of hot electrons
(f), and the energy of hot electrons (Ty). Fig. 4 shows a typical EDF with a Gaussian
distribution of hot electrons. The integrated total cross sections are multiplied by N, 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.

T, = 200eV
300 hot electrons @ 20keV

T, = 1.8keV
206 hot electrons (@ 20keV

T T [ I | I I I |
0 5000 10000 15000 20000 2500
E (eV)

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

Four variables (T, N, f, and T}o) 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 T 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 ArgK The NTF Ti spectra exhibit features from
H-like Tito Ti Ky 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 g 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 Heline and nearby structures are ignored and best fits are found to
both sides.

Synthetic spectra with narrow lines show that the, Hesonance 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 dand electron beam characteristics. Thus, there is no unambiguous
spectroscopic density diagnostic in this region. The electron density is taken té*beiit
the hot region and fcm® in the cooler regions.
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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,
Hea and Heb, and H-like line Lya 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 T, is shown in Fig. 5.
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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.
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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 T. increases, so does the ionization balance, the emission is

shifted to higher energies, and Li-like emission dominates at Te=400-500 eV.
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Fig. 8. Effect of hot electrons on the satellite structures of Li-like to

O-like of Tiions.

Figs. 8 and 9 show the effect of an electron beam (f and Tyo) 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*) of hot electrons has a significant effect on the ionization balance at low Tk,
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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 (Tp,) 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:

V. +V..)

d k.o ) ) K (11)
— , :_ , +
dtﬂq(l i) > ,Oq(J i)
kkl >k< DN
+ Z Ghitvie ie L., i NJJ
qq 1"'1"7q, 1
1111101 1 1

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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qai e kz,qz\/ o2 % 9

{j’ j k} k, 201 16, - )k1+k2+k{1 j k} K, 20195,
X jis - (-1 b ]
oK ey T T IR

(12)

iy 1



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:

w
k . ., L k k k
oG i Nk -k + g+ 0% -k +a)k-g+ne"  |+NS =0
q 2 g+l g-1 q

(13)

where @) =T/ is the dimensionless Larmor frequency, alhﬂl(q 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:

AIX:(I 7| y)~\/gp§+p§ (14)

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

Al \/7 in +sin2a p? +( 1+ 2 (15)
a S a ,00 SIinzZa ,01 COSZO' ,02
The polarization moments in a uniform magnetic field can be estimated from Eq. (13):

2 .21+ a)L _ w, 2 2 wL
Py =Ny— = \/__“1 SN (16)
0 0414402 2701440, 2 209,402



Using Egs. (14-16), the ratio of intensities sensitive to the magnetic field may be found:
Al _,_Cosa +a, SIin2a
N T 2
Al 1+ 2c0 an

X

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 amgle
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Fig. 10.

3[9)] plot of the dependence of the ratio of the intensitied Iq / A Ix on the value of a
magnetic field H and the angle of observatiora calculated for the following transitions in
Ti ions: a) the K-shell resonance transition 18-1s2p 1P1, b) the L-shell transition 2p-3d
1p4, ¢) the L-shell transition 2s-3p1P1; and d) 2D plot of the dependence displayed in

(c) calculated for the following values of the anglex: 150, 300, 450, 600, and 75°.



For diagnostics purposes, K- and L-shell transitions in Ti ions are considered. For example, for
the He-like resonance line ldels-1s2p’P;, the lifetime is Tp=4.5x 10" s, and for Ne-like

transitions 2I-3I', the lifetimes are 1.0x s (for the transition 2p-3&; ,3C) and 3.4 x18°
s (for the transition 2s-3pP; , 3A). For the value of magnetic field of about 10 T, the

corresponding values @b, vary from 0.003 to 0.3. In Fig. 10 a-d, the theoretical values of the
ratio Al g/ Alx 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 valdg ah 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 ratioA | g/ A 1x for lines 3A and 3C significantly depends on the value of the magnetic

field for small values of an angler < 45° (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 anglg. 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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Abstract

Effects of plasmas on dielectronic recombination (DR) rates are under consideration. Effects
of plasmas electric fields on DR rates are analyzed in details in the space of parabolic quantum
numbers. A quasiclassical approach is used to obtained general analytical expressions for DR,
rates in the parabolic basis for arbitrary types of ions having transitions without change of core
principal quantum numbers (An = 0 transitions) responsible for the main contribution to DR
rates. The approach makes it possible to investigate scaling lows for dependencies of both total
and differential DR rates on atomic parameters. Effects of electron collisions and ionization are
taken into account with the help of cut off procedures. Numerical data are presented for Li-
and Na-like ions under typical plasma conditions. A comparison with numerical calculations
for specific ions 1s presented.

1 INTRODUCTION

Effects of electric fields on dielectronic recombination (DR) rates are under broad investigations in
last two decades, see [1] - [5] and references there. These effects are connected with an evolution of
highly excited atomic states populated in the DR capture of an electron colliding with ions having
complex cores. The main contribution to the process comes from transitions without change of
cores principle quantum numbers (An = 0 transitions). The electric field and plasma effects can
be separated into three groups:

1) enhance of the phase space volume contributing to the recombination due to a transformation of
the ion atomic energy states from the spherical quantization to the parabolic one under the action
of the field;

2) decrease of a quantity of excited atomic states responsible for DR because of ionization and
energy mixing effects in the electric field;

3) kinetic effects due to electron collisions after (or during) core stabilization.

The effects mentioned are usually taken into account with the help of specific numerical calculations
for a particular ion. At the same time the ion energy states responsible for DR, are of universal
Rydberg type so DR effects must follow general scaling lows. It is a goal of the present paper
to investigate general properties of plasmas electric field effects on DR rates. Note that we are
interested here in the action of a plasma microfields which are much more strong as compared
with laboratory electric fields. So the atomic states mixing effects can be considered to be full, an
account of partial mixing being described by a simple cut off receipt. The first group mentioned
above is taken into account in the frame of a quasiclassical approach.



To make clear the reasons for applications of quasiclassical methods it is to note that plasma
electrons responsible for a strong dielectronic capture are generally classical ones. Really let us
consider a multicharged ion with an ion charge Z and a complex atomic core having transitions
without changing of its principle quantum number n (An = 0 transitions). The energy of these
transitions is of order of Z atomic units (a u) so the energy F' = mv?/2 (v is the electron velocity)
of the captured electron must be smaller than Z. At the same time the ionization potential of the
ion is of order of Z? that is much larger than the electron energy E. These conditions are just the
conditions of classical electron motion in the field of the multicharged ion:

E<Z < Z* or Ze*/hv > 1. (1)

2 QUASICLASSICAL THEORY FOR AUTOIONIZATION DE-
CAY RATES

The general formula for DR recombination rates takes the form [1] - [5], [10]:

Am Ry \%/?
@pr(n) = < T y) 7 (a0)*Wr
w VA Wa(n, k,m)
v 2
X exp( T+QnQT);VVR+W/A(n,/c,m)7 )

where 7" is an electron temperature, g; ; are statistical wages on initial () and finite (f) atomic
core states, Wg is a radiative transition probability inside an ion core, W, is an autoionization
decay rate of the excited atomic energy level with a principal quantum number n and parabolic
electrical k and magnetic m quantum numbers, w is a frequency for a transition with An = 0 inside
the core. Atomic units (a u) will be used below.

The radiative decay rate is simply expressed in terms of an oscillator strength f;¢ for the transition
in the core (c is the speed of light):

Wr = 2w f;;/c". (3)

The autoionization decay rate Wy (n,!) is calculated usually in spherical quantum numbers and
the transition to parabolic ones is performed numerically with the help of summing with Clebsh-
Gordan coefficients, see [1] - [5]. To obtain a general expression for DR rates we’ll use a quasiclassical
representation for both DR rates in spherical coordinates and for Clebsh- Gordan coefficients as
well.



A quasiclassical expression for autoionization decay rate W4 may be obtained by different ways
which result in the same formulas. The first way is a direct transition to the classical limit in general
formulas for matrix elements of the radius-vector taken with Coulomb wave functions. Note that
in the case of Rydberg states (n > 1) there is no difference which types of electron transitions
(free-bound, bound-bound or free-free) are considered.

The first results were obtained by Zommerfeld [11] for free-free radiative transition in a Coulomb
field. He made also a transition to classical limit and obtained quasiclassical formulas for matrix
elements as functions of the scattering angle. With accounting for the relationship between the
scattering angle and the electron orbital momentum | one reproduces at fast a total analogues of
Kramers classical formulas from the Zommerfeld results. The same results were obtained in [12]
by direct calculation of free- bound matrix elements with further transition to the classical limit.
The second way is connected with the relationship between the rate W, and the partial electron
excitation cross section near threshold [13]:

20+ 1)gWa(nl) = ZQn_Swgiaem(l)/ﬂ'zag, (4)

where g; ¢, w are statistical wages and transition frequency equal to the difference of initial and
final energies of the core energy levels.

The electron excitation cross section for An = 0 transitions can be also calculated in the frame of
pure classical mechanics:

873 3
O-éa;c = 7(h/m0)2w3|dzflzgf’l) 4(1 + 1/2)

« {[Hjj)’(iyg)f (2= 1)e? [H}y(m)r} . (5)
(1

where v is the electron initial velocity, H;, ' is Hankel function, ¢ is the eccentricity:

e=142EM*/7% v=wZ/v* E=1v%/2; (6)

FE and M are the energy and angular moment of the incident electron, respectively.

Thus we obtain the result in the KrED domain:

Otpe = (87/3)(h/mve)?(g5/9:) fis 27
x (I +1/2)*Glw(l+1/2)3 /327, (7)

where

G = u[K{5(u) + K35(u)], (8)



where K3 5/3 are McDonald functions, and f;¢ is the oscillator strength for the transition consid-
ered, and ¢; is the statistical weight of lower level.

The classical result (5) for the excitation cross section must be used in eq. (4) for the determination
of the autoionization decay rate.

The most interesting case corresponds to the large value of the parameter v > 1. For large values
of v one obtains finally

mn3 372

Wy = fif G (WOMS) 7 (9)

where f;; is the oscillator strength for the core transition, M = mup is the electron orbital mo-
mentum.

The result (5) presents the autoionization decay rate W4(n,!) in the frame of the classical approx-
imation. It coincides with the limiting case of quantum mechanical consideration [12] after the
standard substitution [ — [ 4 1/2. One can see the sharp decrease of the autoionization decay rate
with the increase of the electron orbital momentum / describing by the function G'. Taking into
account that the essential values of the argument of G-function is never close to zero it is possible
for practical applications to change the function G by its asymptotic expansion

G(u) =~ 7exp(—2u). (10)

To obtain the total autoionization decay rate it is necessary to multiply the eq.(9) by (2/+ 1) and
sum (or integrate) over [ that gives

Wa(n) = 42%|dig|* g[(2%/8w) /43712073, (11)

The dependence of W4 on Z is practically absent if one takes into account that dfj x Z72, the
argument of Gaunt-factor is large if one scales w o« Z that means that the value of g is close to 1
(practically however the argument is not so large).

3 TRANSFORMATION TO PARABOLIC BASIS IN THE FRAME
OF QUASICLASSICAL THEORY

The transformation to parabolic basis may be obtained from a consideration of quasiclassical limit
of Clebsh-Gordan coefficients. Really the parabolic and spherical quantum numbers are connected
by the sum with Clebsh-Gordan coefficients
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The squared coefficients may be considered as a joint probability P(n,[, k, m) of the presence of
specific quantum numbers. Making a transition to large values of all quantum numbers [16] one
arrives to the following approximation

P(n,l,k,m) = C’Q[(n— 1)/2,(n—=1)/2,l;(m—=k)/2,(m+k)/2,m] = 21[(12—12 )(12 —12)]_1/2/7r,

(13)
where
lin = [(n = 1)* +m* — k?]/2
(I — )2+ m? — K — (0 - 1)Pm?}2)2,
(14)
lax = [(n = 1)% +m? — £?]/2
Hl(n =17 +m? — K] —4(n - 1)’m*}'/2)2,
or, when m € n
i~ (0 = 1)2m(n — 1)2 + m? — k2],
(15)

Boo~n=1)%+m? =k =(n—-1)*m?/I2

min*

The normalization of P(n,l,k, m) (13) is equal to 1. Really, the integration (13) over [? gives the
expression

12
=202 42 2 |
— 1 arcsin 5 maX2 min =1.
lmax + lmin 2

min

The parabolic representation of a autoionization decay rate is obtained by the multiplication of the
rate in spherical basis (9) by the probability (13) and integrating (summing) over [

lma.x
Wa(n, k,m) = / dLP(n, 1k, m)Wa(n, 1), (16)

lrnin
where l,in, lnmas are defined by eq. (14) or (15).

Substituting the expressions (9), (13) for functions W4(n,!) and P(n,l, k, m) and making a trans-
formation to dimensionless variables t = [/l ¢, l.; = (342 /w)'/? it is possible to obtain:

VVA(n7k7m) = ﬂ_ln_SfifI(n7k7m)7 (17)



where the universal function I(n, k, m) is

I(”? k7 m) — I(tmin7 tmax)

tmax
=2l /r [ ARG — ) A 1) (13)
tmin

where G was defined by (8), tmin  (n — )m[(n — 1)2 + m? — k2|72 tpax = (n — 1)m/tmin < 7.
Below we will use the approximation (10) for our particular calculations.

One can see that for the case ¢, & n > 1 eq. (18) may be transformed to:

tmax
I (tminy tmax) = 2lef/Ttmax / At G (%) (12 — £2,,) " ?
tmin
tmax
~ 2lef /tmax / dtt? exp(—2t3) (12 — 12, )~ "/?
tmin
= I(tmin)Qlef/tmax- (19)

The universal function I(z) is presented on Fig. 1.

Limiting cases of the function I(z) are as follows:

1'(2/3)371272/3 = 0.284 forz < 1
I(z) = ! 9
(z) { (7/12)Y/ 2212 exp(—22°) forz > 1. (20)
(1(0) = 0.284).
The function I(z) can be approximated with a good precision by the simple exponent:

I(z) = 0.284 exp(—2z?). (21)

We will use below the asymptotic expression for the function I(z) for particular calculations.

The dependences of dimensionless autoionization decay rate I(n,k,m)(x)~! from eq. (18) on
”electric” quantum number £ for different values of magnetic quantum number m are presented on
Fig. 2 for Li- like ion ZnX XV III (Z = 30). One can see that the most contribution into k-phase
space comes from small values of m.



4 DIFFERENTIAL DR RATES

To obtain differential (as regard to principal quantum numbers n) and total DR decay rates it is
necessary to perform two (or three) summings in the eq. (2). It is convenient to deal with reduced
DR rates ¢*(n) equal to the term with the sum in the eq. (2) that is

WA(nv kv m)
Wr+ Wa(n, k,m)’

¢*(n) = Qpr(n)/B(Z,T,w,n) = _ (22)

k,m
where
B(Z,T,w,n)
47w Ry 3/2 g5 3 w 72
= (T) E(QO) WRGXP(—TJF m)

Let us take into account that the autoionization decay rates in the eq. (22) are expressed in terms of

the universal function (21) with the argument depending on parameters (2, and [, in accordance

with eq. (16). To do this let us change the sum in eq. (22) by the integral over corresponding
2y 12 The Jakobian J of

quantum numbers and then make a transformation to the variables [7 . , [Z .

the transformation is obtained by a direct calculation:

]( 12 12 ) ZIZnin B l?nax
J(n, 2. =
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Extracting in the sum (22) the dependence on the principal quantum number n we arrive to the
expression:

(n—1)2 li]ax ]( 12 12 )
*(n) = 2 di} /dz2. 2 miny “max 24
q ('Il) / max R4 [n/n*(lmaxy lmin)]3 ( )
0 0

where the effective value of the principle quantum number n* is introduced with the account of

eqs. (3), (17), (19), (21):

03 2f
*3 € 3 3
=0.284 ——— —21 {
n L oxp( 201

lmax min
=L(n- 1)_12_1/2 e)<p(—Any3/2)7
L=0284cL2n w2 Ay =2(n—1)%17 > 1 (25)



Here the dimensionless variables y = (2. /(n — 1)? and 2 = 12, /(n — 1)? and parameters L, A,
are introduced also.

Making further the transformation to the variables y and z in eq. (24) we obtain

NS PR dy(z — y)
(n)==(n-1) 0/ / (14 2y — z — )]/2[1 + n3(n — 1)\/zexp(A,y3/?) /L]

(26)

The eq. (26) solves the problem of the distribution of DR rates over principal quantum numbers
n.

To make clear the dependence let us take into account that under condition A, > 1 effective
values of the variable y are small as compared with z being of order of unity. Neglecting where it
is possible the magnitudes of y as compared with z, expanding the integration over y to infinity
and changing variables one arrives to the expression

) 1570 [ du .
7*(n) = 24/33fn/ 2/3(1+n e"/L)~! (27)
0

One can see that the dependence of DR rates on 7 is described by the universal function J(a) such
that

QDR(n) - B(Za T7 w, n) q*(n)7 (28)
where
q*(n) = 1.25lgnt[n*rw?/(0.284¢% )] (29)

and



J(o) = a/dm In'3(z) /(14 az)?
1
In'/3(1/a) if a1
~ a”! [dzz7%In Y32 if a>1 (30)
1

The function J(«) is presented in Fig. 3.

Let us apply a general results (28)-(30) to the case of Li-like carbon ion C** and make a comparison
with the particular calculations [3]. Substituting all numerical constants into the eqs. (28)-(30) one
obtains the distribution of DR rates (in units 107'2¢m?>/s for the electron temperature 7. = 10°K)
over principle quantum numbers presented in Fig. 4 (solid curve).

From the quasiclassical consideration it follows that the conditions for the C*3 ion are very close
to the conditions for Mgt! presented in [1]. Really one can check that both ions mentioned above
have the same radiation decay rates and the arguments of J-function in eq. (29) are also very close
for them. The only difference is the value of the parameter /. equal to 4.6 for C*3 and to 2.7 for
Mgt!. The corresponding results are presented in Fig. 5. The close correspondence of both data
in Fig. 4 and Fig. 5 is a confirmation of the classical scaling low following from the general result

(29).

5 TOTAL DR RATES

To obtain total recombination rates one must integrate a differential distribution over all values of
principle quantum numbers from small value (put to be zero below) up to a particular value 1,4,
depending on the cut off conditions in plasmas. Corresponding results can be also expressed in
term of a universal function:

v BT (31)
where 2

7 = 0.0 463/2% P2, wv/7/(0.533¢¥ 2, )] (32)
and

1

dz z

P(JC) :/Walctan;
0

Q

1
s dz : .
50fln2/3(1/z)’ Zf z > 17
3xin'/3(1/z), if =< 1.

(33)



The universal function P(z) is presented in Fig. 6.

Using the data (31)-(33) it is possible to investigate a dependence of DR rates on electric field
strengths expressing the value of n,,,, as a function of an electric field strength F°. We will pick up
below the value of n,,,, in accordance with [3] to make more clear the comparison with numerical
data, that is

Nmax = (6.8 x 10823/ F)!/4 (34)

Fig. 7 presents the dependence of DR rates (multiplied by the factor 2 in accordance with mentioned
above discrepancy between the data of the papers [2] and [3]) on the field strength (V/em) in
logarithmic scale. The data [2] are also presented in the Fig. 7. These data demonstrate the typical
maximum in the increase of the DR rates which corresponds to an essential increase of phase space
due to the action of the field. The field ionization results in a decrease of DR rates with the increase
of field strengths. Our model corresponds to relatively large values of electric field strengths that
is to the full mixing of atomic states, so the only decrease due to ionization is seen on the Fig. 7.

The simple way to take into account plasma density effects is to connect the value of n,,,, with
the electron plasma density. It can be done at fast by substitution into eq. (34) the Holsmark field
strength given by the formula

F(V/em) = 1.3 x 10_GZiN»2/3(cm)_3,

K3

Mmax = (5.23 x 10722 /N2/31/4, (35)

where one can take into account the relationship N, = Z;N; for one component plasmas or sub-
stitute independent value NN; for many component plasmas (for example N, = Ny+ for hydrogen
plasmas considered in [2], [3]) The comparison between of our and data [3] is presented in Fig. 8.
One can see a good correspondence between universal formulae (31)-(33) and the specific calcula-
tion.

The kinetic effects due to electron collisions can be also taken into account in the following ap-
proximate manner. The main effect of electron collisions is the decrease of recombination effects
due to secondary ionization of the captured electron by other plasma electrons. These effects are
described by an attenuation factor j(n, N.,T.) equal to a probability for the electron captured to
reach a ground atomic state. The probability can be estimated as the ratio of the radiative decay
rate A, from the captured atomic state and the ionization frequency N, < wvo; > from the state
due to electron collisions. These both rates are estimated for Rydberg atomic states as follows [17]

An(s7h =24 x 1017} /n®,
<wo; >= 10702 Z72(Ry/T.) V2. (36)

Using these approximation one obtains for the attenuation factor



j(n, Ne, Te) = [L+ (n/no)] 7,
no = Z;[2.4 x 10"(T./Ry)*/? ) Z;N.]"/" (37)

It is seen the sharp dependence of the factor on the principle quantum number value that means
that the electron secondary ionization effects can be also taken into account with the help of a
cut off procedure. So the value ng can be used as the cut off parameter together with the n,,q:
accounting for ion field ionization effects described by eq.(35) because both effects result in the
ionization of the captured electron. So the specific value of n,,,, in eq. (32) must be put to be the
minimum of two magnitudes (35) and (37).

The effects of both plasma ion microfield and electron collisions on DR rates for C*3 ions is
presented in Fig. 9 as a function of electron densities for electron temperature 7, = 10°K. One
can see that the ionization by electrons produces more large effect on DR rates than ionization
by the electric field. The results of the resent simplified consideration are also in a reasonable
correspondence with numerical data [3].

6 CONCLUSION

The consideration above results in the general quasiclassical formulas (17), (29) - (33) for differential
and total DR rates as functions of atomic and cut off parameters. It describes effects of relatively
strong electric fields (full mixing of atomic states) on DR rates accompanied by transitions in atomic
cores without change of their principle quantum numbers (An = 0 transitions). These transitions
are responsible for the most contribution to atomic processes in collisions of plasma electrons with
complex ions. The present results make it possible to calculate DR rates in a simple way for every
ions having An = 0 transitions in the cores.

The results above can be generalized on the case of partial /-mixing by the following way. Let us
write down the condition of total mixing comparing the energy shift due to quantum defect § and
the matrix elements of the atom-electric field interaction:

3n(n? — 11)YV2F > 738 /n® (38)

The condition (38) determines a minimum value of orbital momentum / consistent with full mixing
conditions. The value must be substituted instead of the parameter /,,;, into eq. (16). A contri-
bution of atomic states with [ < [,,,;, from the eq.(38) is taken into account in eq. (2) by the usual
manner as in the conventional spherical basis.

Let us estimate an enhanced factor for DR rates. To do it one can calculate the DR rate in a
spherical basis with account of eq. (9). The general expression for the effective DR rate q;‘ph(n, 1)
into particular values n,[ in a spherical basis takes the form [10], [11]:



Gopn (1, 1) = (21 + 1)[(n/n")* + 1], (39)

where

n*(l) = {3c¢*(2l + 1) Glw(l + 1/2)3/322]/(27rwf¢f)}1/3 (40)

Using the asymptotic expression for the function G(u) one can present eq. (40) in the form (see
value lo¢ in eqs. (16) - (18)):

n*(1) = n*(0) exp[~(/le)”] (41)

n(0) = ¢[3leg/(27)] > 1 (42)

When integrating eq.(39) over [ it is natural to change variabls to n*(!) according eq. (40). Ne-
glecting in this integration by slow logarithmic dependences one can obtain the following simple
estimation for the total effective DR rate ¢}, (n):

q:ph(n) ~ lzf[3lnn*(0)]2/3 (43)

that is practically doesn’t depend on values of n. This value must be compared with the one in
the parabolic basis given by eq. (29). Neglecting slow logarithmic dependencies we arrive to the
simple estimation:

Gpar ()] Gpn(n) = 07(0)/leg (44)

where we have introduce the designation ”par” for the result (29) above obtained in the parabolic
basis. The same estimation is approximately true for the total DR recombination rates.

It is seen from the estimations that the enhanced factor for DR in an electric field is approximately
equal to the ratio of the effective volume in m-space to the effective volume in [-space for the
spherical basis. This ratio depends on a specific atomic structure of a recombining ion determining
effective values of parameters in eq. (44). Practically for most ions the value of [ changes from 3
up to 10 whereas n*(0) is of order of 10% that means the enhanced factor is near 20 — 30 which is
in a reasonable correspondence with numerical calculations [1] - [5].
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Figure 1: The universal function /(z) discribing the dependence of autoionization decay rates on
paabolic quantum number, see eqs. (17) -(19).
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Figure 2: Distribution of autoionization decay rates over ”electric” quantum numbers k£ at different
values of magnetic quantum numbers m for Li-like ion ZnXXVIII at the principal quantum number
n = 100. Here the scale for 1(100, k, 10) equals to the scale for 1(100, k,0) multiplied by 101.
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Figure 3: The universal function J(«) describing the distribution of DR rates over principle quan-
tum numbers n, see eqs. (29), (30).
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Figure 4: Distribution of DR rates (in units 107'?¢m?/s) over n for C*3 ion at the electron tem-
perature 7. = 10°K: full curve - universal quasiclassical formula (28)-(30), dotted line - calculation

[3).
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Figure 5: The same as in Fig. 4 but for Mg*l-ion: full curve - quasiclassical formula (28)-(30),
dotted line - calculation [1].
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Figure 6: The universal function P(z) (33) describing the dependence of total DR rates on cut off
parameters.
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Figure 7: The dependence of total DR rates (31) for C*2 ion on the electric field strength: full line
- quasiclassical formula (31), (32) multiplied by factor 2, dotted line - calculations [2].



Lo QDtot 9
(cnrs”)

0 10 20
Log Ne (cm)

Figure 8: Effect of plasma electron density Ne on DR rate for the C*3 ion for the electron temper-
atures 7. = 105K (full line - quasiclassical formula (31), dotted line - calculations [3]).
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Figure 9: Effects of ion electric field (upper curves: 1 - quasiclassical formula (31), 2 - calculation
[3]) and electron collisions (lower curves: 3- quasiclassical formula (31), 4 - calculation [3]) on DR
rates for C*3 in a hydrogen plasma with 7, = 10°K.
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1. 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 (ex?) from a ground atomic state;
radiative recombination (r7) 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 (P/R) 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.

“ must be corrected with account for plasma

The dielectronic recombination rates o
density effects connected with the plasma microfield effects, secondary ionization by plasma
electrons, etc. [3].

The PIR channel with a rate % can be estimated with the help of its ratio R(w) to the
standard radiative recombination channel with a rate . The ratio R(w) of both channels at a
given transition frequency w is determined by the ration of the effective number N(w) of electrons
inside the ions core to the effective ion charge Z(w) that is [2]:

R(@)=a"R/ o'"=[ N(w)/Z(w)]?

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 a™ by the factor
[+ R(w)]. 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 %ion and recombination of the 4*“*"-ion that is

a(n) =N

rec
AHZ + a, NA+(z+1)



where o, o, * are rates of excitation and all recombination processes including charge exchange
recombination to level n, N, is a density of A*%jons. To make a comparison between two

members one must take into account the ionisation balance equation:

ion

rec —_—
o N,.zw + o N,.. =0,

where a.", 0. are total recombination and ionisation collision rates.
These two equation must be considered together. Expressing from the last equation the

density N .z =N,z a'” /o™ and substituting it into the first equation one obtains:

a(n) =N, [o) +a' o™ /o]

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 . . 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)=q“(n) + q"(n) + q"(n) + ¢~ (), (1)
where

excitation by electron impact from ground state described by ¢**“(n);

radiative recombination described by ¢”(n);

dielectronic recombination described by i;

charge exchange channel described by ¢“* (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™%levels in collisions with neutral H-atoms that is

CcX —_ cX — cX cX
q (n) - NA+(Z+1) NH <V0n >A+(z+1)H—NA+(z+1) NH —NA+(z+1)(x (2)

n>°

where N ... is the density of impurity atoms with the charge Z+1, Ny is atomic neutral H-

(% au—

atoms density in plasmas, &k, =<vo,“> is the charge exchange coefficient rate, a,* = Ny &k, is
the rate of charge exchange, o, is charge exchange cross sections from the H-atoms to the n-level of
A*% 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**level population kinetics must be solved together with an ionisation balance
kinetics describing a balance between 4™“and 4*“"” ion densities. Really the sources mentioned
above ) are proportional to different ion densities, namely:
A% ~ NeN,ce .07 (M)~ NoN,a 0% (1) ~ NoN, G50 ~ Ny Ny

The ratio Ny/N, is a parameter of the problem whereas N, N,.z, are connected by

A
the ionisation balance equation

rec ion _
- NA+(z+1) + o NA+z - 0, (3)

iol

where ' =a" +a® +a%, o' are total recombination and ionization collision rates.

It is seen from eq.(3) that the density N ... isequal to

ion

N, .o = N a(a" +a® +a™) 4)

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

k>N, / N,
ekrr+kdr +kcxNH/Ne

q®(n) =N,..aN (5)



As we can see from (5) in the case of large values of Ny/N, the source ¢ (n) doesn't
depend on Ny 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</.

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

(N N+ Ny NGRS N ey NgK! + Ny N ) -

(N NKE 4 N, 2 N, K

CX
A z

+ N, NK + N, NK) =0 (6)

(MH"
The detail kinetic equation (6) shows that the full flux on level n of 4"“ may be written as

Oz (M) = Nz NGKT + Ny NGk + N N(K+ k7 (7)

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

+ ko Ky 'Hi;r + KN, /N, E
K" +K" +gk™N, /N,

é
qA*Z (n) = NA+Z I\Iegknexl (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]:

.. 3
et _ 18 1 a'-‘)y 592 -B .
k,” =10 2+ 15 EOEI GEp)e"; )

where

cqz>1)= AUB(B )

8 =X = 22ry /7T
Srgc P S AR



a1 & s
k' =10 — G(p)e";
2|0+1Q' IE. |5 (F)
(10)
where
A E, Z?
cz>n=2b 4 E_ZR
B+x T nT
1€ OU 4
" 32‘/;”3071 Znp28n(1,78p,) - e™Ei(- g1+ EE AK;Z (11)
3./3m(137)° g
A Kr . bl . . . . . ZZR>/
where Ao is the Kramer’s rate coefficient of radiation recombination [1],3, = ezt
1

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™ =0.510°[(Z +1)/25]°,

(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
k& =10"°[(Z +1)/25]°/(Z +1) (13)

For the dielectronic recombination one has [5]

k" » 510 °[(Z +1¥ Ry/ T]*'? f(0,eV/(13.6)°)**(Z +1) *exp(- w / T),cm’s*
(14)

The distribution of DR rates over principle quantum numbers is also very broad in the
domain of order of effective quantum number 7~ being typically of order of /0°. 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,z Nf{k>*

10 *(Z+ Dny(n, /)’ + 4X10"*(Z+ 1 £/0.1n" + (N, / N)10°°(Z +1)° /25°

+kion
10°%(Z +1)n, +4X0%(Z +2)? f +g(N,, / N,)0.5X10°%(Z +1)%/25°

}

(15)
where n; is a principal quantum number of a ground state (n;=1 for H, He-like ions and n;=2 for
Li- and more complex ions), n” is a typical quantum number for DR equal to /0P, 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:

g(n)iem™s™] = B>q (n),
(16)

where
B=10°"N,.:N,(Z+1)°G((Z +1)°Ry/ n/T)exp[ - (Z+ 1Y Ry/ n/T)],

and the reduced source:

. an, 0°
a =V

L10(Z +1)n,(ny /n)° +440"(Z+1)° /0.0 + (N, /N,)10°(Z +1)°/25°°
104(Z +2)n, + 4300 4(Z+ 17 f +9(N,, /N,)0.5x10°°(Z +1)*/25°

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 7, of radiative transitions between atomic states n—k of 4™

are calculated by



L = i, N(MW,, .
The probabilities W, 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"“*" and 4" 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 7 in eq. (16) to be large enough
so that the energy of quanta observed Z%/#’ =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 N/N, =0 the term g *(n) in the eq.(16) is approximately equal to
0.1 whereas when Ny/N,— oo 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 g *(n) on the value of Ny /N, 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 Ny /N, 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 Ny, /Ne.
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Fig. 1 The dependence of ¢*(n) (equal to the reduced source) on the value of Ny/N, at different
values of ion charge Z (curve 1 corresponds to Z=2, 2 - Z=6,3 - Z=10, 4 - Z=30)
(for case g=1)
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Abstract
We have performed relativistic distorted wave approximation (RDWA) and close coupling
(CC) calculations for electron impact induced magnetic sublevel to magnetic sublevel tran-
sitions in OV relevant to the population alignment collisional-radiative model used for the
interpretation of polarization spectra taken at Kyoto University. The levels involved were
25% 1Sy, 252p 3Py 12 and 2s3p Py 1 5. We have also performed CC calculations for the elastic
scattering alignment creation by the 252p 3P, level of OV. We will report our RDWA and CC
results for the magnetic sublevel to magnetic sublevel cross sections and alignment creation

by elastic scattering by the 2s2p 3P, level at one energy.



I. INTRODUCTION

This Report is closely associated to the Report by Iwamae et al. in this volume. It has two
purposes;

1. To describe the Relativistic Distorted Wave Approximation (RDWA) method which was
used in obtaining the rate-coefficients that were used in the population-alignment model of
Iwamae et al. and compare, in some selected cases, the RDWA results to the close coupling
(CQC) results.

2. To discuss alignment creation by elastic scattering and give numerical result at one energy

for the associated alignment creation cross section.

II. INELASTIC SCATTERING

The first part of the Report deals with the application of the RDWA and the CC method
for the calculation of magnetic-sublevel ezcitation and de-excitation cross sections that enter

the model of Iwamae et al. . The system considered is OV, i.e. Be-like Oxygen.

In the RDWA the amplitude for scattering an electron with initial spin ms and momentum

k, and final spin m/ and momentum k’, by an atomic ion is given as [1]

2 ! m* —~ ml —~
By (B — BIM]) = <550 i expli(o, + 0,1y (B)Y )
i,
x  C(lzmymyg; jm)C (I'smyml; j'm")T (e, o), (1)

where « and o represent the initial and the final ion states in the uncoupled representation:
a = klgmByJi M, o =k'l'y'm!B,J, M|, (2)

By Ji My and B, J/M] are the initial and the final target ion states, respectively, with 3, and 3

representing all other quantum numbers required to specify the states of the target ion. In



Eq. (1) the Coulomb phase factors d, and d,s can be obtained as described in the Appendix
of Ref. [1], and the relativistic quantum numbers x and ' are given by Egs. (3) and (4) in
[1].

The T-matrix element can be expressed in terms of the reactance matrix element as

—21R
1—-2iR

T(a, o) = ~ —2iR(a, o). (3)

We then obtain the reactance matrix element in the uncoupled representation from the

coupled representation by transformation
R(a, o) =Y C(JjMym; JM)C(J;' Mym'; IM)R(v,7"), (4)
J,M

where the initial and the final ion states are
v =kl JM, ~ =FkKUjBJJM. (5)

The reactance matrix element in the coupled representation is given by
N+1 1

R(v,7) = (¥ | Z — |9y, (6)

Tap
q<p

where the ¥, and W are the initial and final wave-functions for the total (e + ion) system,
as given by Eq. (5) in Ref. [2].
The cross section between the magnetic sublevels is given by

QBT My — BLIIM!) = / dk' | B (7)

ms m’

Using Egs. (1), (3), (4) and (6) we obtain

2 g
QB M, — BLIIM!) = = S S i@+ 1)L + 1))
y l;fl;'{;j:ns JyJ1,M

x  expli(ds — 0k, )]C(150my; jm)C(l 30my; jim)
x C(Jyj Mym; JM)C(Jygy Mym; JIM)C(J, ' M{m'; M)
X C(J{j'M{m'; JIM)R(7y, ') R(7, 1) (8)

In addition to the RDWA for some specific excitations we have also used a nonrelativistic

momentum space CC method [5] for the calculation of electron scattering from the OV ion.



The close-coupling calculations included 30 states: 4 1S, 4 1P°, 1 1P 41D¢ 11'D° 2 'F°,
335,43P° 13P¢, 33D¢ and 2 3F° states. These are all low energy discreet spectrum
states with major configurations as given in the Moore Tables [4]. The model used for the
structure calculations is that of two active electrons above a frozen 1s?> Hartree-Fock core.
Here we give a few numbers pertinent to this calculation: the ground state ionization energy
is -113.7 eV, (the experimental value is -113.9 eV).

For the excitation energies:

252p3P level - 10.2 eV

253p3 P level - 72.2 eV .

Relativistic effects have been accounted for in a semirelativistic approximation [6] in which
we have used a one-body spin-orbit term and calculated singlet-triplet mixing coefficients
for the 252p® P, and 2s3p® P, states. We have found that the 2s2p®P; state is described very
well in the nonrelativistic approximations, while for the 2s3p® P, state the mixing between
nonrelativistic 2s3p®P; and 2s3p' P; states is small but not negligible. The mixing coefficients
are:

a = 0.997 and b = 0.02237 .

The semirelativistic integrated cross section (ICS) for the 2s3p>Pstate (ignoring a small

interference term) is given by
ICS = a*1CS(253p° 1) + b*1CS(2s3p' Py) 9)

where ICS(2s3p®P;) and ICS(2s3p' P;) are the cross sections for the nonrelativistic states.

In Figures (1) and (2) we compare the results from the RDWA and CC calculations for the
excitation cross sections from the 2s? ! S state to the magnetic sublevels of the 2s2p 3P0,1,2
levels as an example. As can be seen comparison is quite good except for the unresolved
resonance structures found just above threshold in the CC calculations. For other cases we

found similar agreement.



III. ELASTIC SCATTERING

The second part of the Report deals with alignment creation by elastic scattering for positive
ions in general and for OV in particular. The elastic scattering amplitude consists of two
parts; the well known pure Coulomb (Rutherford) part and the correction term which we
calculate by the CC method. The differential cross section (the magnitude squared of the
scattering amplitude) will have three parts: The Coulomb (Rutherford) cross section, the
interference term and a small correction term. Here we discuss the correction term to the

scattering amplitude.

First lets consider how the LS coupling amplitude can be converted to the intermediate
coupling (or uncoupled) representation, so that we have an amplitude for a nonrelativistic
final (initial) state with orbital angular momentum [; (I;), and spin sy (s;). We want to
have an amplitude for the coupling (Iss)JsM; ((1;s:)J:M;) to describe transitions between
fine-structure levels JyM; and J;M;,

0f,0; _ J§ My SMs Ji M SMs
foJfosz'JiMi(g’ ) = Z lemf squC—Ufan‘IfCl M55 z‘hc—a“szqz (10)
mf’qf7mf’qf’5

S
X ﬂfolfmf ,msilimi (97 QO)

Here o; and o; are final (initial) projectile spin projections.

The nonrelativistic amplitude f5 m; 18 written below simply as f;flfm (0, ¢) in a

folf’lef 71',,51l1

partial wave expansion.

27?2 [+ ~Lm
rifml(ea QD) f Z f 2LZ + ]' Cff?é mf lf’fﬂf

f Lyf,Li,L

L
Cfrglzlmz TfﬁfL ili Y f —my (9, 90)’ (11)

where k;(k;) and L;(Ls) are projectile initial (final) linear and orbital angular momenta, L
is the total orbital angular momentum, S is the total spin. The spherical polar angles of the
detected electron are § and ¢. (Note that we removed 1/4/2l; + 1 from the definition of the

amplitude and that the Coulomb phase factor is contained in the T-matrix elements.)



Now, for a general case, all that is required is to substitute the second equation into the
first one and run summations over all indices except of L; in order to convert it to the form
which will be convenient for future considerations.

The Coulomb amplitude is diagonal in the projectile magnetic spin sublevels indexes o, 0;.
Therefore the interference term will be diagonal in o, 0; too, so we need only the amplitudes
with 0y = 0; = 0. Actually the Coulomb amplitude is identical for both values of o, so the
close-coupling amplitudes in the interference term must be summed over o.

Lets consider our case of elastic scattering. We choose:

Ji=Jp=J, li=l=1, s;=s;=35,

M;=M;=M, of=0;=o0.

Therefore in Eq. (10) we have:

my=m; =m, ¢f=¢q; =q and it follows from Eq. (11)

mm (05 0) = Frum (6) (12)

Thus Eq. (10) becomes:

;}\Z,JM Z [Clm ,8q CS(];V[;]] Vi,m (9) (13)

!qa

Note that there is no dependence on angle ¢.
As we noted earlier there should be a summation in the interference term over o. This will
give:

X 3o = 5507 O Fonl®), (4= M =), (14)

Let us write partial wave expansion for elastic amplitude f5 ()

'rim(e) = Z iLi_Lf\/QL’i + 1 \/2Lf + 1 OLfO Im OL ;0,lm TffSlLil PLf(e)i (15)

L¢,L;,L

and substitute it into Eq.(14), with result:

> i (6) = ;B(Lf’M)PLf(e) (16)



where

/e — 2S+1
B(LfaM): Z{Z[ lmsq]2 CVLfOlm Olm} 2L +1 \/2Lf+1 22 +1 LflLl

Li,L

(17)
(g=M—-m).
The coefficients B(L, M) can be easily calculated.

Now let us turn to the calculation of the interference term. The total Coulomb plus CC

amplitude F' is

Frl 5 (0,0) = 0oy, Oaaynt; OO (0) + f1d)01,(6, 0). (18)

The differential cross section (DCS) for a transition between magnetic sublevels is given by:

DC S, Z| Fyf (0,0, (19)

o'fao'z

and for excitation of the sublevel M:

1
— |fCoul(0)|2 —}-DCS]%C(H,QO) + 2J R@ [fCoul Z zra* ‘|
= DCSS™(0) + DCSSE (0, o) + Dcsmtf (), (20)
where
intf C’oul o'U*
DCSy(0) = 2J+11k[f z: ]. (21)

Alignment creation is then determined by

DCS,1(0, p) — DCSy(0, p) = DCSCC (8, o) — DCSEC (0, @) + DCSI™ (9) — DCSI™ (6).
(22)
We can see that the pure Coulomb DCS terms have canceled removing the problem of their

divergences at # = 0. For the Coulomb amplitude in the interference term small # values will

not be important for two separate reasons: first plasma screening will introduce a cut-off



in the scattering impact parameter at the Debye screening length. This corresponds to a
lower cut-off in the DCS integration over angle . Second in the partial wave expansion used
below there is a reduction in the CC amplitude as [ grows allowing the introduction of an
Imax to terminate the series.

Then we integrate over spherical angles

10S, — ICS, = / dQ) [DCS, (8, ¢) — DCSo(8, )]

— ICSSC — [0SSC + / dQ [DCS™ (6) — DCSI™ ()], (23)
Therefore we need to calculate:

/ dQ DCS™ (g

e[ 5 o) o

In order to do this we use partial wave expansions for both the Coulomb and CC amplitude:

lmazx
> fuia(0) = > B(l, M)P(6), (25)
o =0
see Eq. (17) for B(l, M),
eiO'l — 1
FOm(B) = (L4 OWP), O = (26)
1
Therefore
Imaz
intf B(l, M) [ d2 P,(6) Py (0
/dQDCS (0) = 2J+1Rel§§:(f )/ 1(6) P ()
in hfwc B(l, M) (27)
T2 +1 '
Finally the alignment creation cross section Q?) is given by Ref. (3) as
@ _./2(1c8, - ICS
1= 5( 1 —1CS)) (28)
where
lmazx
ICS, — ICSy = ICSFC — ICS§C + (D[B(1,1) — B(1,0)]. (29)

=0



We have used the CC method to calculate ng) for elastic scattering by the 2s2p 3P, level

of a 29.81 eV incident electron. The result obtained was
() = 8.32 x 107 8cm?. (30)

This appears to be two orders of magnitude larger than the largest values we obtained for
the same ion for inelastic processes which were around Q® ~ 5x 10~2° cm?. This indicates
that alignment creation by elastic scattering by ions may be of significant importance.
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Figure 1. Comparison of the RDWA (dotted line) and CC (solid line) calculations for the
excitation cross sections from the 2s? 'Sj state to the magnetic sublevels of the 2s2p 3P ;

levels.
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Abstract

Longitudina alignment of OV triplet lines for the (2s3s S, — 2s3p *P, ;) trangtions is studied on the
basis of a population-alignment collisionalradiative (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 a Kyoto
University. The measured negative vaues 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 spectra profile of a line, we can use its polarization
information in interpreting the conditions in the plasma. The triplet lines (2s3s 381- 253p3F{1112) of
beryllium-like OV ions are often used in plasma diagnostics since the lines rather strong and the wavelengths
arein the ultraviolet-visible region. It has been reported that the intendity ratio between the p component
having the eectric fields oscillating in the direction of the quantization axis, toroidal direction, and the s
component of the J=1— 2 trandition in the triplet lines changed during the discharge time [1]. This indicates
that the ensemble of the upper levelsionsis 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
congtructed a kinetic model for the OV ions. the population-alignment collisionalradiative (PACR) modd.

2. PACR modd for OV ions

The levels of the 2%, 2s2p, 2p?, 23s, 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 opticaly 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 dignment a(p) are assigned to each level p. Trangtion probabilities
and collision cross sections between the singlet levels are taken from the previous CR model for OV [4]. The
dignment 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 configurationi.e. (2) — (3),
(4) and (3) — (4) and (14) — (15), (16) and (15) — (16).

For excitation and deexcitationof aJ- a@l¢(aJ?! a®d¢)or r® p(r! p), thecross section data are
the collision cross sections Q, ¢ g fTOM @ Magnetic sublevel a®@M ¢to a magnetic sublevel a M . As
examples, the magnetic-sublevel-to-magnetic-sublevel cross sections Q, ;. ¢« from the ground state (1)
25" 'S, to (16) 2s3p °P, and from (4) 2s3p °P, to (16) 2s3p P, are tabulated in Table 1.

The collison cross sections employed in the PACR model are denoted by ng"(r, p). The cross
section 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, Q2°(r,p) is from
population of level r to dignment of level p, QF(r,p) from aignment of level r to population of level p,



and QZ(r,p) from dignment of level r to aignment of level p. These cross sections are related to the

meagnetic-subl evelto-magnetic-sublevel cross sections as follows; [3]

Q3°(r,p)=(2J¢+1)'1;awoam,aw (2.2)
QC(r,p)=(IHN G (-1 <IM- M[20>Q pscme (2.2)
Q§2(r,p)=z°i¢(- 1) M <JOME ME20> Q s mom e (2.3)
QZ(r,p)= Q& (7™M ™ME<IIM - M |20>< JOM ¢ M Y20 >Q, 1 aam ¢ (2.4)

MM ¢

where <JIM - 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): Q¥ (r,p), QP (r,p), QF(r,p) may
take negative values in contrast to the population to population cross sections QX(r,p).

One example of the anisotropic electron velocity distributions is the existence of a beam component
superimposed on bulk eectrons 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(vg), which satisfies the normalization condition, ¢y (v,g)visingdvdg =1. Axia

symmetry is assumed around the z-axis, the quantization axis. It is convenient to expand the velocity
distribution in terms of Legendre polynomials,

f(va)=a f«(v)P(coxq) (25)

where B (cosq) is the K th Legendre polynomial. The expansion coefficients are obtained by

f (V)= @@f (v,cosq)Py (cosy )sinqdq . (2.6)

Since it isimpossible to distinguish between cosq and cos(p - q) components in an actua 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 paralld to the toroidal direction. Two anisotropic velocity distribution models are assumed in the
PACR modd. In the first model, most of the eectrons 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 V,. These two partsare called themain  f,, (v,q) and the child f_(v,q) components;

fva)=f,va)+f.(va) (279



& m 6 @& m ,0

_»
fu(vg)=—— ~ eXpgc- Vo= (2.7b)
+d{DkTa g 6 2KoTay g
312 "
_ 2pd m 0 & m 2 0
f-(v,q) = - eXpc- v©- 2W, 008 + V) )+, (2.7¢)
c T+d kT gy & KeToo ( ) .

where d is the eectron number ratio between the child and main components. This velocity distribution
corresponds to the model of the runaway eectronsin amain plasmain 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 T, and the poloidal temperature
T,. The electron velocity distribution  f (v q) is expressed as

J1/2
emo e1 0 ,&in’q coqu”P

é
= ((Zpksﬂ gTthz 'I' glé L3 T é%

f(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-bal like” when the toroidal
temperature is higher than the poloidal one T, >T,, and “pancake-like” when T, <T,. Examples of the

Legendre expansion coefficients f, (v)v* (K=0,2,4) are shown in Figure 2 (€) — (f) for the distribution with
two temperatures of T;=40€V and T, =100 eV.

The excitation rate coefficients for the transitions aJ- a®@¢, or r ® p, ae defined with the
following formulain the PACR model [3]:

CO(r, p) = §X°(r, P2, (v)vidv (2.93)
C2(r,p) = (BT, P2 (Vi (2.9)
C(r,p) = (T, P) 2 (Vi (2.90)

CZ(r,p) = GQE (. P) +Q? (r,p)+Q§2<r,p)]%fo(v)vsdv
+ GRQE (1. p) +Q¥(r, p) - 2Q2(r, p)]i f (V)Vidv

+ @6Q5"(r.p) - 4Q5°(r, ) + Qg7 (r, p)] f(V)V3dV (2.9d)

where the f, (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 (ptr).



A°(r,p)=A(r, P (2.10a)
A1, p)= (- 23, 41 T A D (2.100)
195 Jp 1[\;

where A(r, p isthe usuad Eingtein A coefficient and {} isthe 6 symbol.

We have two sets of rate equations for the ensemble of atoms. For population we have a rate equation

TL= A7 +AT( D)
éé “(r, p)+ S(p)fv)rL & A°°<p,r)un<p)
+& Co(r,p)n,alr)
-C%(p,p)n. & P (211)
and for alignment we have
=8 C7 (N0

-C®(p,p)n,n(p)
+é’1 &% (r.pIn.+ A% (r, p)pacr)

eCZZ(p p)n, +a A°°(p,r)ua( p) (212

rtp

where n, isthe electron density, 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 dagtic collisons, C%(p,p) is the rate of dignment decay by depopulation from the
magnetic sublevels, and C#(p,p) is the rate coefficient for alignment destruction. The alignment
destruction process has two components. inelastic and elastic collisons. The former is depopulation. The

latter process may be called disalignment. At the moment, these rate coefficients are not available, so that we

set C%(p,p)=0, C®(p,p)= 0 and C?(p,p) =§_ C®(pr)+S(p). This corresponds to the assumption

rp
that the cross sections for the depopulation rate from the magnetic sublevels a JM are al equal.
The population n(p) and the adignment 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 °P; ; , 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 T, =40 €V and T, =100 eV.
An ensemble of atoms is excited to the level p and the emission line for trandtion p® s is then

observed from the direction perpendicular to the quantization axis. The intensity which is proportional to the

population

1
Lo —Wn(p)ﬁ( p9Aw, (2.13)



where | is the distance from the emitting atoms to the detector, is given by

2, +21). )
The longitudinal alignment is defined as
_ (5= 16)
= , 2.
A (Is+21¢) 5
and the degree of polarization is related to the longitudina alignment by
p="A_ (2.16)
A +2
The intensities of thep and s polarization components are given as [ 3]
1 . iJ,J, 20a(p)
[, = n S AW[L+ (<) 6(2] +1)f PP T g—2 2.17a)
e (P)A(P, WL+ (- ) *+[6(23, )%11Jsgn(p)] (2.174)
|, ==L n(p)Ap git- () YO (2, +p) % I 208Dy (2170)
‘gl ’ 27 T 1 13pn(p)

From equations (2.15) and (2.17) the population n(p) and dignment a(p) are related to the longitudinal
alignment,

3 13,3, 20a(p)
9 =(-)"" =(23,+)f PP y——. 2.18
A(p9=(-) 1/2( b )% 1 13%n(p) (219)
For the observed linesOV 2s3s °S - 2s3p °P,, the longitudinal alignments are calculated from
3a(P) 7 a(°P,)
AJ=1® 1=, |- o J=2® 1) =- |———2. 2.19
(e Y= By AU=20D = ey (219)

The longitudina aignment of the 2s3p °P, 1 » levels, A (15,11) and A (16,11) as a function of the
eectron dendity are shown in Figure 3 for the two temperatures Maxwell distribution of equation (2.8) with
T, =40¢eV and T, = 100 eV. The absolute vaues of A_for both the transitions become large as n. decreases
and reach a plateau between 10" and 107" mi®. The contour map of the longitudinal aignment A (16,11) is
displayed in the three dimensiona plot in Figure 4 for n. = 10" m®. The range of T, and T, is between 10
and 300 eV.

The A_ value changes from 0.05 to —0.02 in the varied temperature range. Absolute values of A 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 A (16,11) is due to the aignment creation from the
ground dtate, leve (1), population to alignment of level (16). The next dominant contribution is alignment
creation from the 22p *Py.1»(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 d values up to 0.2.



3. Experimental Observations

The WT-3 tokamak at Kyoto University is a middle-size toroidal plasma machine with a mgor radius of 0.65
m and a minor radius of 0.21 m. Typical discharge times are about 100 ms with n.= 3x10*m2and T,= 100
— 300 eV. The plasma was produced in the joule-heating mode with a toroida current of 60 kKA 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 dightly above the equatorial plane through a 15 mm-thick fused silica
plate. Knife-edge blades light dump was equipped on the counter wal 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 dit 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 512x512 pixels (Princeton Instruments IMAX512T). Just behind
the entrance dit we placed a calcite plate with thickness 5 mm. The crystal optic axis was in the horizontal
direction at 30 ° with respect to the surface normad. The normal incident light was separated into the ordinary
(o) ray and the extraordinary (€) ray according to the polarization. Since the quantization axis in the toroidal
direction, the p polarized component of the emission line is the e-ray (having the electric fields oscillating in
the direction of the quantization axis) and the s light is the oray. The eray (p) was displaced pardld form
the oray (s) by about 0.5 mm. The polarization resolved spectral line intendity of the OV triplet lines (2s3s
%S, —2s3p °Py) 278.104 nm (J = 2), 278.803 nm (J = 1) and 278.986 nm (J = 0) was obtained. A typical
spectral imageis 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 severa Fe Il 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 Il lines. Apparently the p components of the spectra lines were
stronger than the s components; this was due to the different reflectivities of the mirrors and grating for
different polarized components. The relative sensitivity was calibrated ty 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 levd is
never polarized since there is only one upper magnetic sublevel (M;= 0) and the relative intensity of p and s
light is equa in the observation perpendicular to the quantization axis. The relative sengitivity for the p/s
light components was determined to be 1.25 in the centerd region of the image and depens only dightly on
the y-axis of the spectral image.

Ten pixds 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
(@ 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 positionsin



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 p and
s 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 s light is comparable to the p light. Considering the relative sensitivity of our
system, we conclude that the s light intensity is stronger than the p light.

Each of the line intensities of the mutiplet spectra were evaluated after performing least square fits to the
observed spectra. The relative sengitivity was corrected for, and the longitudinal alignment A, was obtained
according o equation (2.15). The longitudinal aignment A_ for the J =1 — 0 line was confirmed to be O
within the statistical uncertainty. This confirms that the relative sensitivity calibration was correct. Figure 8
shows the time evolution of the longitudina aignments A for the J = 1 — 2 trangtion in six different
positions in the plasma. A vary values between 0.050+28 and —0.078+16.

5. Comparison of calculation with measurement and discussion

The relatively large observed longitudina alignment seen in an experiments was qualitatively explained in
terms of the anisotropic electron distribution having the Maxwellian digtribution 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 aignment.
The negative longitudina aignment suggests that the poloida component of the electron veocity
distribution has a higher temperature than the toroidal one.

However the observed longitudina alignment was at least four times larger than that smulated. 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 aignment creation. (i) The aignment
creation by eastic scattering for the ion may play an important role. (iii) Alignment creation from the other
triplet states, for example 2p° °Py 1 »; (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 25° 'Sy (My' = 0) to 2s3p °P, (M; = 0, +1, +2) and (b) (4) — (16) 252p °P, (My’ = 0, +1, +2) to 2s3p °P,
(M; =0, £1, £2). Axial symmetry is assumed.

@

Electron Cross section fromMy =0

energy toM;=0 toM;=+1 toM;=+2

E/eV Q(E) / cm?
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 fromMy =0

energy toM;=0 toM;=+1 toM;=+2
E/eV Q(E) / cm?

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 My = +1

energy toM;= ¥2 toM;= ¥1 toM;=0 toM;=+%1 toM;=+2
E/ev Q(E) / cm?

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 My = +2

energy toM;= ¥2 toM;= ¥1 toM;=0 toM;=+%1 toM;=+2
E/ev Q(E) / cm?

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

Figurel 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).

Figure2 An example of the cross sections for 2s2p °P, level (14) and 2s3p °P, level (16). (&) population to
population Q°(r,p), (b) population to alignment Q(r,p) (c) dignment to population QF(r,p) and
(d) dignment to adignment QZ(r,p) The Legendre expansion coefficients of the velocity distribution
having two temperatures T,, = 100 eV and T; = 40 eV that are used to obtain the rate coefficients are
plotted under the corresponding cross sections. See equation (2.9) (e) f,(v)v®. (f) f,(v)v®. (g) The
dash-dotted lineis f,(v)viwith f (v)v® and f,(v)v°3.

Figure3 The electron density n, dependence of (@) the population of level (14) (dash-dotted line), level (15)
(broken line) and level (16) (thick line). (b) the longitudinal alignment A_(15,11) (broken line) and A (16,11)
(thick line) for the two temperatures T, = 100 eV and T, = 40 eV

Figure4 The dependence of the longitudinal aignment A (16,11) on the toroidal and poloidal temperatures.
The electron density n. is 10" m>,

Figure5 A full image of the polarization resolved OV triplet lines(2s3s°S, - 2s3p °R, ,,) , 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 p-light having the electric fields oscillating in the direction of the toroidal axis, left s -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 podtion- and time-resolved polarization

measurements.
Figure6 A polarization resolved spectrum of the OV triplet with the fitting.

Figure7 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 12 transtion the intensity of the p light is weaker than that of s light i.e.
longitudinal aignment is substantialy negative.

Figure8 Longitudina aignment of the J = 1 — 2 emission line observed from different positions in the
plasma.() line of sight crosses at 86 mm (b) 67 mm, (c) 48 mm, (d) 30 mm (€) 11 mm and (f) -8 mm
from the center.
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Monte Carlo calculation of collisions of directionally-incident

electrons on highly excited hydrogen atoms

K.Kawakami and T. Fujimoto
Department of Fngineering Physics and Mechanics, Graduate School of Fngineering, Kyoto

University, Kyoto 606-8501, Japan

We treat classically the n-,l- and m;-changing transitions and ionization. Ex-
citation cross sections against the final state energy continues smoothly to
the“ionization cross sections”. The steady state populations determined by
elastic collisions among the degenerate states in the same n level show higher
populations in the m;=0 states, suggesting positive polarizations of Lyman
lines emitted from plasmas having directional electrons. For ionization, the
two outgoing electrons have large relative angles, suggesting reduced three
body recombination rates for these plasmas.

Yoneda et al [1] observed polarization-resolved spectra from hydrogenlike and heliumlike
fluorine ions in a laser-produced plasma. The intensity distribution over the series spectral
lines indicates that these ions are in a recombination phase, or they are recombining plasma
(Fujimoto [2]). The presence of the recombination continuum supports this conclusion.
Most significant with this experiment is that the recombination continuum terminating on
the heliumlike 1'S state is polarized, that is, the 7 component, the electric field of which
oscillates in the direction parallel to the quantization axis, is stronger than the o component,
where we take the quantization axis in the direction of the target surface normal. This
clearly indicates that the velocity distribution of the recombining electrons is anisotropic: a
positive polarization degree means that the distribution is more parallel to the quantization
axis (Lamoureux [3], Milchberg [4]). The heliumlike ion lines (1'.Sy — n' P;) are also found
to be positively polarized. This indicates that the upper levels of these lines are aligned, or

the magnetic sublevel m; = 0 has a higher population than those of m; = 1.



For thermal electrons having a Maxwellian velocity distribution with a certain tem-
perature, the detailed mechanism of recombination of these electrons with ions, z.e., the
collisional-radiative recombination, and the population kinetics of excited levels in such a
recombining plasma are well understood (Fujimoto [5]): Step 1. An electron is captured by
an ion radiatively (radiative recombination) or collisionally (three-body recombination) to
form an excited (or the ground state) ion. If the temperature of the electrons is low and
the density is high three-body recombination dominates and produces predominantly very
highly excited state ions. Step 2. Subsequent electron collisions deexcite, excite or even
ionize these ions. In other words, these ions are re-distributed among these high-lying levels
(and the continuum states). An LTE (local thermodynamic equilibrium) population distri-
bution is established with respect to the electron and ion densities for this temperature. If
the electrons are non-Maxwellian, or even the velocity distribution is anisotropic, as is the
case in the above experiment, the above picture should be modified: Step 1. For anisotropic
radiative recombination the polarization characteristics of the recombination continuum and
the alignment of the product ion state have been investigated (Milchberg [4], Scofield [6,7]).
However, nothing is known concerning three body recombination. A formula has been pro-
posed (Ditmire [8]) for the three body recombination rate, but this formula is based on two
assumptions which are not supported by the calculations reported here. Step 2. Since we
cannot define a temperature any more the LTE population distribution loses its significance.
Furthermore, there can be a population imbalance among the magnetic sublevels in the same
n,l level, leading to polarized emission lines.

If we reverse the direction of time in a three body recombination event this is nothing but
an ionization event. Thus, an investigation of directional electron collisions on high-lying
excited ions, resulting in excitation, ionization and elastic transitions, should form a basis for
understanding the characteristics of a recombining plasma for electrons with an anisotropic
velocity distribution. We choose a hydrogen atom with principal quantum number n = 10,
which is impacted by an electron traveling in the direction of the quantization axis. We

neglect the electron spin. Since we treat a highly excited state, we use a classical Monte



Carlo calculation (Olson [9]) .

The proton is fixed at the origin and the atomic electron (electron 1) is in an elliptic
orbit. Electron 2 travels from the minus z-direction, where the z-axis is the quantization
axis. Initially the trajectory is parallel to the z-axis with a certain impact parameter which
is given by random numbers. The orbit of the atomic electron and its initial position are
also chosen randomly. We treat the system classically, and follow the trajectories of the two
electrons.

Figure 1 shows an example of the excitation and ionization cross sections: The ”cross
sections” for producing the final states per unit energy interval are given. The initial atomic
state is (n,l,m;) = (10, 6, 3) having energy of -0.14 eV and the incident electron has the
speed of 0.2 a.u. (energy 0.54eV). In the calculation the maximum value of the impact
parameter is 3000 a.u. The number of trajectories is 5 x 10°. For electron 1 the negative
energy part corresponds to deexcitation (< —0.14eV), elastic collisions (the peak at -0.14eV)
and excitation (> —0.14eV), and the positive part to ionization. The small cross sections
for energies higher than 0.41eV corresponds to excitation, elastic collisions and deexcitation
with exchange of the two electrons. The curve for electron 2 is symmetrical to that for
electron 1 with respect to energy (-0.14+40.54)/2 eV. It is seen that the cross sections per
unit energy interval for excitation continue smoothly to ionization. It is noted that the
conventional ionization cross section corresponds to the integration of the cross sections for
electron 1 or those for electron 2 from 0 eV to 0.41 eV. Our conventional ionization cross
section (6.9 107'?cm?) compares well with the formula (8.4 10~**cm?) given by Lotz [10].
In the region of ionization, we also show the average of the cross sections for electron 1 and
for electron 2; this ”cross section” will be mentioned later.

In the case of excitation, deexcitation and elastic transitions the final atomic state is
specified by its energy, angular momentum and its projection onto the quantization axis.
In our present calculation these quantities are continuous. We quantize these quantities or
the atomic states. Our quantization scheme is given in Fig. 2 ;twice the energy of the state

2 F multiplied by the duration of one revolution of the electron over the orbit, with the sign



reversed, corresponds to nh where h is Planck’s constant. X is the absolute value of the
angular momentum and g is its z-component. To the atomic states having n between, say,
2.5 and 3.5, we assign the principal quantum number n = 3, as shown in Fig. 2. Integer
values of [ and m; are assigned similarly, as shown in Fig 2. As is obvious in Fig. 2, —2F1,
27\ and 27 py, all have the units of A. Thus, the volume of the quantization cell is A%, This
may be regarded as a quantum cell, the states within which cannot be distinguished. Figure
2 shows examples of the quantum cells for (n,[,m;) = (3, 1, 0) and (3, 2, 2). It is noted that
the volume of the "quantum cell” of extremity states, 7e., m; = n — 1 is 1.04h> rather than
h3. This small anomaly may be a natural consequence of quantization of a classical system.

In Fig. 3, we compare our excitation cross section with the semiempirical cross section
by Vriens [11]. It is seen that smaller [ values tend to give smaller excitation or deexcitation
cross sections. Overall good agreement is obtained.

Figure 4 shows an example of the cross sections for inelastic and elastic collisions. The
initial state is (10,6,3) and the incident electron speed is 0.2 a.u. A cross section value is
expressed with the volume of the sphere placed on each (n,l,m;) point of the final state.
The cross sections for elastic collisions are much larger than that for inelastic collisions. See
also Fig. 1. Among the elastic collisions within same [ the cross sections leading to smaller
m; values are larger than those leading to larger m; values. This means that, the atomic
electron tends to drift to smaller m; states under the condition of the beamlike electron
collisions.

We made similar calculations for all (10,7, m;) states. Of course, we assumed symmetry
between the m; and -m; states. We found that the states with smaller m; values have larger
cross sections for elastic collisions. Since the cross sections for elastic collisions are much
larger than those for inelastic collisions, we here assume that the population distribution
among the same n states is determined solely by the elastic collisions. We solve the si-
multaneous equations for steady state. The result is shown in Fig. 5. It is seen that the
populations of the m;=0 states are larger than those of other states. For example, population

N(l =1,m; = 0) is about twice N(I = 1,m; = 1). This is consistent with experiment on an



excited barium atom (Trajmar [12]). The emission from the m;=0 state to the ground state
is m polarized. That is, if the velocity distribution is more parallel to the quantization axis,
the m light is stronger for the Lyman lines. This is consistent with the Yoneda’s experiment.

In the case of ionization, two electrons leave the proton. The excess energy (0.41 eV in
Fig. 1) is partitioned by the two electrons. We rotate the coordinate system around the z-
axis so that the final trajectory of the electron having higher energy (electron 3) is included
in the plane with ¢ = 0, or the final trajectory is expressed by angle (65, ¢3=0). (We use the
spherical coordinate.) The lower energy electron (electron 4) has (64, ¢4). Figure 6 shows
the distribution of (4, ¢4), or the differential cross section per unit solid angle, in the case
of 0 < 03 < 10°.

Figure 1 indicates that in majority of the ionization events the incident electron 2 becomes
electron 3. This means that the case of Fig. 6 is for collisions in which the incident electron
follows an almost straight path. In this case, electron 4 is distributed mostly in the area
where 0, is larger than 60°.

It is noteworthy that 84 cannot have small values. Figure 7 shows the distribution of the
relative angles of the two electrons, for several initial states and incident electron speeds. It
is interesting to note that the two electrons rarely fly away in the directions relative angle of
which is smaller than 60°. When we reverse the direction of time in the ionization process,
we have a three body recombination process. Thus, we reach a conclusion that electrons
travelling in similar directions cannot recombine, so that the three body recombination rate
is reduced under the condition of directional electrons.

As mentioned earlier the three body recombination rate formula proposed by Ditmire
is based on two assumptions. 1. The three body recombination rate is independent of
the relative angle of the two recombining electrons, or the curves in Fig. 7 are flat. This
assumption is not valid. 2. The "ionization cross section” per unit energy interval is constant,
i.e.,in Fig. 1 the curve ( - ) is flat. This assumption is also invalid. A new formula is needed
which takes into account these features.

We are indebted to Professor R. More for the quantization scheme given in Fig. 2. This



work is supported by the Grant-in-Aid for Scientific Research, by Ministry of Education,

Sports and Culture.
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FIG. 1. Cross section for transitions to the final states per unit energy interval. The initial
atomic state (electron 1) is (n, !, m;) = (10,6,3), and the speed of the incident electron (electron
2) is 0.2 a.u. For electron 1 the negative energy part corresponds to deexcitation (< —0.14eV),
eleastic collisions (the peak at -0.14eV) excitation (> —0.14eV), and the positive part to ionization.
The curve for electron 2 is the mirror image for that for electron 1. Average of the ”ionization

cross section” (0 <E< 0.41eV) are also given.
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FIG. 2. The quantization scheme. The quantity —2FT corresponds to the principal quantum
number, where F is the energy of the electron state and 7 is the duration of one revolution of the
atomic electron over the orbit. 27\ and 27wy is determined by the angular momentum and its
z-component. Atomic states included in an (n, [, m;) volume are assigned the quantum numbers

(n,l, m;). Two examples are shown for (n,/, m;)=(3, 1, 0) and (3, 2, 2).



11 I I I I
10
—
N -]
-12
5 10
~— ~$
S v 10—11(n=10,l=9,mI=9) &
=] a 10—11(n=10,=6,mI=3) X _
o 10'13 x 10—11(n=10.I=3.mI=2) .
«n v 10—9(n=10,I=9,mI=9)
a2 A 10—9(n=10,I=6,mI=3)
o 14| ——10—11 by Vriens and Smeets ]
O 10 | I ... 10—9 by Vriens and Smeets
| | | |
-15
10 | -2 -1 0 1 2 3
10 10 10 10 10 10

Incident electron energy(eV)

FIG. 3. The conventional excitation and deexcitation cross sections vs incident electron energy.

We show also semiempirical cross sections by Vriens [11].
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FIG. 4. The cross sections for excitation (n = 10 — n = 11), the elastic collision and deexcitation
(n =10 — n = 9). The initial state is (10,6,3) and v = 0.2 a.u. A cross section value is expressed

with the volume of the sphere placed on each final state.



FIG. 5. The population distribution among the » = 10 states for elastic collisions by the beamlike

electrons with v = 0.2 a.u. A population is expressed by the area of the circle placed on each state.
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FIG. 6. Angular distribution of the directions of the lower-energy electron in the case of ion-
ization, or the differential cross section per unit solid angle. The higher energy electron has

0° < 65 < 10° and ¢3 = 0. The initial state is (10,6,3).
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Hydrogen spectrain 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. |s 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 gquantum numbers
n,/,ms. The isolated-atom Hamiltonian Hg includes the non-relativistic

binding energy and fine structure energy. Static electric and magnetic fields
give a perturbation Hg=- w - Bg - er - Eg ,where w=npL + 2y S isthe
sum of orbital and spin magnetic moments (ny = en/2mc is the Bohr
magneton). The dynamic perturbation Hg(t) has the same form as Hg 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, Ly, Ly, Lz, Sx, Sy, Sz, H(t), and r o
where H(t) is the total Hamiltonian and r g is the (initial) density matrix. The
code solves the time-dependent Schroedinger equation:

ih%U(t) = H(t)-U(t) (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,

F.() = T{%U0°() xU@) p, (2)

The emission spectrum [2] is:

2e? ¥

P(o) = 3C(;) Re&wté M[F X(t) +F Z(t)] dt (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 F(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 isimportant to carefully organize the calculation; we use various numerical



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
thereis anew 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 arisesin anion-ion collision.

The calculations performed so far show that the code reproduces the
expected Stark effect in astrong DC electric field, gives the expected Zeeman
effect (s, p 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 isin 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
M easurement 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. 1. 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-a emission from a 30 keV neutral hydrogen beam injected into the
plasma. These spatially localized non-perturbative measurements of |Bl 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 IB| are valuable
to an understanding of the physical mechanisms determining the behavior of the plasma.

In order to measure IBl in a high temperature fusion research plasma, we have
implemented a technique we call spectral motional Stark effect, or spectral MSE for short.! This
is a direct measurement of the Balmer-a Stark spectrum emitted by the neutral hydrogen atoms
injected as a 30 keV beam into the plasma.”> The beam atoms are excited by collisions with the
plasma and emit statistically mixed line radiation. We measure the separation of the Tt manifolds
(polarized parallel to the motional E = v X B) of the Stark split Balmer-a line at 656.3 nm.
Since the beam velocity is accurately known, the measured separation is directly analyzed for
local IBl. As a side note, measuring field line pitch via MSE polarimetry’ is not suitable for low-
field (<0.5 T) devices. The Ttand 0 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 B, =
poloidal field By, with IBl < 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 x 10" m”. Discharge duration is usually 60 ms with a 25 ms
current flat-top.
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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 T#+ and T+ manifolds of the Balmer-a Stark
manifold are separated by approximately 0.2 nm for IBl = 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 |Bl 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/cm” 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 O
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 IBI on MST is shown
is Fig. 3. The central axial IBl 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-a
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 TH#
and T manifolds. These amplitudes are definitely not equal, as predicted by a simple calculation
of the Stark spectrum.” Speculation is that some part of the beam-plasma excitation process
causes this asymmetry, but the definitive answer is not yet known.
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Fig. 2. A typical motional Stark spectrum from MST.

On-axis B vs Ip

0.5 i
I (]
0.4 o o
— Improved
I confinement ©
~ 03¢ x
) O v
o i © Standard
0.2
- plasma
0.1}
ol

O 100 200 300 400 500
Iy (KA)

Fig. 3. Measurements of central |Bl 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
us 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) shutter’ capable of an
effective exposure time of < 100 ps. FLC shutters effectively polarize the collected light,



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 IBl 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.

diagnostic
neutral

sShutter | g N
opening| ' 1 2 3 4 5 6 7

Seven views through individual
ferroelectric liquid crystal shutters,
each mapped to a horizontal strip

on the CCD. spectrometer and
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Fig. 4. Setup for time-resolved MSE measurements on MST.
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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 Hel 728.1 nm (2'P—3!S)and 667.8 nm (2' P — 3! D) 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 B,x 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
B,y and the radius of the magnetic axis R,x 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 77 constant. In the
stationary phase 72 and the electron temperature at the plasma
center were 3 x 10'” m~3 and 2 keV, respectively.

Figure 2 shows an example of the observed profiles of the
Hel 728.1 nm (2'P — 3'S) 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 E is expressed as[10]

E= B, ey

where 5 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 R,x = 3.6 m and B,x = 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 728.1 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 667.8 nm.
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FIG. 2: Emission line profile of Hel 728.1 nm 2'P—318) 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 -

component relative to the unshifted -component, , 1s then
given as
hc E 1 E
“E Bt En YE, @
0 Lo s 0

where  and E, are the wavelength and the transition en-
ergy of the central -component, respectively, and &, ¢ and
ng (= 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 -component and
two half-amplitude -components which are symmetrically
shifted from the -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

-and -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 x 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 =433 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



3-OI""I""I""I""I""

o
W
TT T T[T 1T

Illll!lllllllll

[

magnetic field strength (T)
9

1.0F ]
[l ]

—I o
0.5k | 3
[12.46m| 2.85m 433m14.70m| ]

0 11 M l 1 1 1 l 1 1 1 l 11 vl l lvl 1 i

2.5 3.0 35 40 45 5.0
major radius R (m)

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 -
components broader than the -component. This broadening
is, however, found smaller than 1 x 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 468.6
nm (n = 3 —4) line, is found to have similar values.

Though the 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 -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 Hel 667.8
nm (2'P—3'D) line. The description is almost the same as for
the 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 x 10 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 ny, at the penetration depth £ in the x direction is ex-
pressed as

-0
Npe = 1o €XP {—/ nes%dx} , 3)
where S and v are the effective ionization rate coefficient
and the penetration velocity of the atoms, respectively, and n,,
is the atom density at the edge. The ionization flux and the
emission intensity for the 728.1 nm line, taken as an exam-
ple, are expressed as Sqphteny, and  ;yg | Meliy,, TESpectively:
both the quantities are defined as the number of events, ioniza-
tion or photon emission, per unit volume and unit time. 55,
is called the emission rate coefficient for the 728.1 nm line.
Scr and  5,¢ | 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 n, and T, dependences of the ratio Sqp / 7,4 ; calculated
with the CR model under the assumption that the quasi-steady-state
approximation is valid.

metastable levels, 2'S and 235, the population density of ex-
cited level p is expressed as

n(p) = Ro(p)nenHe+ + R, (p)neny, “4)

where R,(p) and R, (p) are the population coefficients of the
recombining and ionizing plasma component, respectively,
and are functions of ne and T, and Nyt 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
Scg and ;g | are defined as

) S(p)nen(p)

{S(l)+ | S(p)Rl<p)ne}nenHe

= ScrMele ©)
and

n(3'9)A(3's —2'P) = R, (3'S)neny A(3'S — 2'P)
= 728.1"eMyes (6

respectively. Here, S(p) is the ionization rate coefficient of
level p and A(3'S — 2! P) is the spontaneous transition prob-
ability from 3'S to 2! P. The level “1” stands for the ground
state. Figure 7 shows the n dependence of the ratio S/ 755 |
for several T, values. It is seen that the value is rather insensi-
tive to ne and 7. This means that the emission intensity could
be a good measure of the ionization flux in the range of n. and
T shown in this figure.

By using eq. (5) for Sy we evaluate eq. (3) numerically for
positions near the outer X point on the chord (a) in Fig. 1. For
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dimensional penetration model with the mono-energetic penetration
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exponentially from the measured values with Thomson scattering for
a similar discharge.

ne and T; 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 x 10> m/s). So far n, has not been determined yet. At the
same time we calculate .,q, from eq. (6) and integrate the
emission intensity over the penetration path

Lpg :/ 728.1MeMgedX- (N

From the observed value of ;55 | (Fig. 2) we determine n to
be 2.7 x 10'® m—3. The result is shown in Fig. 8. The spatial
dependences of ;y¢ | Meny, and S-pneny, 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 2°S level as
determined from the ionization rate is 5 x 1070 s for n. = 10'®
m~3 and 7, = 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 r, normalized from
eq. (7) decreases by 40 %, the inward particle flux ny. v and
the total ionization flux [ S gneny dx increase by 20 %. This
is caused by the n. and T, dependences of the ratio Sc/ 755 ;-

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, Hel 58.4 nm (1'S —2'P). Since the
magnetic field strength varies over space, the -components
would be optically thin throughout, and only the -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~!. 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 -component with the

-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 2! P 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 -component, and the 2' P 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 501.6 nm (2'S — 3! P) 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~! and this is of the same order as the Zeeman shifts for
these levels under the field strength of the present experiment;

gB~1 cm~! for B =2 T. This makes the profiles of the

706.5 nm (23P —33S) and the 587.6 nm (23P —33D) lines
complicated and a similar analysis is difficult. For the other
triplet line  388.9 nm (235 — 33P) the wavelength is too short.
Even for the second order light of the 388.9 nm line the
splitting is found small; substituting eq. (1) and E, = hcng/
(ns = 1) into eq. (2) we obtain a relation

> _pB

0 e ®)
and it is found that is proportional to g. This means the
Zeeman splitting for the second order light of the 388.9 nm
line is about 1/2 of that for the first order light for the 728.1
nm line.

Welch et al. observed a wavelength shift of the Zeeman split
Balmer- 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 x 10° 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- line of hy-
drogen was also attempted and we encountered difficulties in
fitting of the observed profile. The reasons are: (1) The wave-

length 656.3 nm is shorter than the 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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Plasma polarization spectr oscopy in the tandem mirror GAMMA 10
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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 theions, 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 10% cm™®, electron
temperature is 80 eV and the ion temperature is 5 keV. The plasmaduration 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 Slights. Figure 2 isthe arrangements of the face of the optical fibers on the
entrance and exit surfaces. The exit surface is set on the entrance dlit 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 dlit 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 A 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 plasmatemperature. Figure 5 shows
typical output image of UV/V polarization spectrograph. Upper side of the photograph
shows the p-light and lower side shows the s-light. In thisimage, OV and Fell 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 Fell and OV ion line emissions were
observed. The intensity ratio of p and s light emissions is changed as the time. We
decided the longitudinal alignment as following equation.

P:(Ip_ls)/(|p+|s) (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.
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Fig. 3 Polarization spectroscopy system in the VUV wavelength region.
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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.

Il. 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 1/2 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 pm-diameter (FWHM) with an imaging system having
magnification of 10. The maximum irradiance was estimated to be 2" 10" W/cm?% 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 800um. This gas valve was synchronized with the
pumping YAG laser and was opened at 400 us before the laser pulse and was closed at 600ps
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]

20fs, 300mW (80MHz)
oscillator |—| 4 path stretcher |—| regenerative amplifier

| 3 path amplifier |_| 4 path amplifier

BMI CPA 3TW system

pulse compressor l “ planar
mirror
1/21 plate
150 mJ, 50 fs (FWHM)f OAP &
50 mmASE level less mirrorf 510 as nozzle
than 10. Il 5]
grazing
incidence
spectrometer

Fig.l 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:

laserpolarization

direction
polarization Gas nozzle \
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horizontal vertical

spherical
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Flat-field
grating

/

back illuminated
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Fig.2 Experimental set-up

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 um-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.
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ions in recombining OFI plasmas. "Horizontal" and
"vertical" is shown in Fig.2.

By rotating the zero-order | /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
5710 W/cm? and gas density is
estimated to be 3" 10" cm™. The Lyman
series lines and continuum of hydrogen-
like helium ions are seen. We took
similar spectra under the gas density of
410" cm® 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" 10
cm?and 4” 10* cm, 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), T, is 20 eV and
electron density, n., is 2 times the gas density. This leads to the electron-electron thermalization
rate, which is te ~ Te>%/[(ne/10%)InL] (T and ne are in KeV and in m?, 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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M easurement of polarization of atomic helium lines dueto strong caviton
fields caused by |REB-plasma interactions
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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 fieldsin 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 = e,<E*> / (2n,T,) should be larger
than (Kol p)>. Heren,, T, are the plasma density and electron temperature, respectively, and
K, is the resonance wave number w, / v,,, w, is plasma frequency, v, is the beam velocity, and
| , 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 timeis denoted ast. The plasma density n, was measured by
triple Langmuir probe and a microwave interferometer. The measured plasma density is
shown in Fig. 2 as afunction of t. The range of the plasma density for this experiment was
from 8~ 10" ~ 1.3 " 10 cm™® 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 um 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 dit, 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, paralel toitis
p-light, and perpendicular to it is s-light. Polarization of Hel forbidden emission of 663.2
nm will be observed. We show the polarization parameter, P, as follows,
P=(,=1)/0,+15). (1)

Here, |, and |, are the emission intensities of p-light and s-light, respectively. If polarization
of forbidden line is paralel to the electric field direction, P = 0.447. We measured two
atomic helium line emissions, alowed line of 501.6 nm and forbidden line of 663.2 nm.

3. Resultsof polarization spectr oscopy

Figure 4 shows the dependence of Hel allowed line of 501.6 nm. Figure 4 (a)
shows the allowed line output signals both p- and s-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), t dependence of forbidden line emission of 663.2
nm is shown with both p- and s-lights. This shows that forbidden line emission has some
dependence on t that means plasma density. Figure 5 (b) shows the polarization of forbidden
line against t. It seems that small polarization of forbidden line was observed, but there are
not clear dependence on t. 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 t,
because of low signa 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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Analysis of Charge Separation in Neutral Gas-Confined
Laser-Produced Plasmas by Polarization Spectroscopy

Yong W. Kim
Department of Physics, Lehigh University
Bethlehem, PA 18015, USA

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
itsremedies. 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 ssimilarly
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 isin 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
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Figure 1. Inter-particle distance and Debye radius in aluminum plasmas as functions
of electron density at different temperatures. The Debye radiusis calculated for
aluminum plasmas at 1, 10 and 100 eV. The Debye radiusin hydrogen plasma at a
temperature of 10eV isalso shown for comparison.

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 mgor 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 aloys.
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 10?* cm®, 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 cal culations 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.



2. Nonideal Plasmas and theair 3-D Plasma Structure Reconstr uction

Our LPPresearch program has been focused on developing experimental tests of
new theories of plasmatransport properties and atomic structures appropriate for the
plasma density regime where the nonidedity of the equation o state becomes sgnificant.
The formulation o Coulomb screening breaks down in that the Debye shielding length
bemmes dhorter than the mean inter-particle distance. New estimates for the screening
length[2,5,§ need to be examined in order to fadlit ate accurate calculation d the
lowering of ionization pdentials and the equation d state, bah necessary for equili brium
plasma cdculations. Plasma asorptionis substantially affeded, as we have
discovered,[2,7] and this plays out in the evolution d LPPplume. Delinedion d the
consequences is necessarily circuitous due to the fact that many competing processes
within the plasma ae manifested in plasma diagnaostics.

We have waged a two-pronged attack in the pursuit of weakly nonded LPP
plumes. On the one hand, a cmprehensive diagnastic methodis developed for time-
resolved reconstruction d 3-D plasma profilesin terms of spedfic continuum emisson
intensity for stable LPPplumesin avacuum. On the other, the nondedity effeds are
purposely accentuated by confining the LPP plumes by means of a dense neutral gas
blanket.

A. We&ly nonidea LPPplumesin avacuum

The exrly-time spedra emisgons from we&ly nortided LPPplumes are
esentially a continuum, consisting of bremsdrahlung radiation and severely Stark-
broadened line anmisgons.[8-10] Our plasma diagnostic methodis nowel in that the LPP
plumeisimaged entirely with the continuum plasma emissons. Due to the presence of
significant self-absorption, the analysis leading to the plasma's density and temperature &
function d space andtimeiscarried ou in close cougding to plasma equili brium
cdculations. We start from the scali ng relations relating the spedfic continuum intensity
| at apoint within the LPPplumeto the locd temperature T and presaurep: T = S; I¢
and p=S-1 “*#). The LPPplumeis completely spedfied oncethe specific continuum
intensity is foundtogether with the scaling exporents o and 3 and the scding constants
SrandS,. Theobservable side-view plasmaluminasity profil e arises from aline-of-
sight integration d the specific continuum intensity profil e acrossa aosssectional plane
of the plume [seeFig. 24], and as such, must be inverted in order to reconstruct the 2-D
spedafic continuum intensity profile. At the sametime, the inversion requires the locd
plasma asorption coefficient, which is derived from spedfic plasma @ntinuum intensity
through the scding relations.

The program of continuum-based plasma diagnostics has consisted of measuring
the side-view plasma luminasity profiles as function d time; these aein the form of
stre&k phaographs taken at different distances from the target surface [seeFig. 2. The
attenuation by the plasma plume of laser beams, at its fundamental and second larmonic
frequencies, is measured as function d time by using apinhde & the center of the
aluminum target. Thetotal masscontained in each LPPplume is determined from
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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 is2.3 J.

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, 2)
into the specific continuum intensity I(r, z, t), emanating from a differential plasma
volume element, then proceeds for one cross-sectional dlice at atime at distance z from

SR S Figure 3. Modified Abel inversion
b o o, = L agorithm that includes the effect of self-
A . absorption on the line-of-sight
7 A integration of the specific plasma
s S W continuum intensity. The cross-sectional
{f i slice of A selected cross-sectional slice
i 2 | Voo of the LPP plumeisdivided into N
[ | T, 1w B o equal-width shells, and the specific
continuum intensity |; isintegrated along
theline of sightfori =Ntoi=1. Self-

Ly = In iy e kwvla) absorption isincluded, assuming that the
kw plasma absorption coefficient is constant
Ty = Iy (1 — gmhwlsy gmknoaly g —kals withi_n_agiven_shell. Theabsorpti_on
R : coefficient ky is calculated according to
o {.}:"—1. {L p N ,;g] L the plasmatemperature and density of
k- ' ' the shell by solving the full set of 13
+__f;\-_ Fi e""‘”*) Saha equations. Theintensity and
By plasma properties are found iteratively
using the relationship shown in the
figure.

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



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 isincluded. 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 afull 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 fina values for the
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scding exporents and scding constants, which are globally applicable to the entire
system of data ae: o = 0.45+ 0.03,3 = 1.0+ 0.03,5;=0.190+ 0.003and S, = 340+ 5.
The resulting optimization shows evidencefor significant modifications to the plasma
absorption coefficient through revisions to the @lli sion frequency, whereas only modest
corrections to the Debye model of ionization pdentia |lowering are indicaed thus
far.[2,7]

B. Interfacial instability in neutral gas confinement of dense LPPplumes

In an attempt to gain even higher plasma density, another study of neutral gas
confinement of the LPPplume had been undertaken. The confinement was naticeably
eff ective & modest gas presaures of helium or argon. When the presaure was raised
beyondabou ten atmospheres at room temperature, the LPPplume became lessand less
reproducible in the evolution d its gape and luminosity and the dtenuation d the
intensiti es of the probing laser beams through the plume. A full-scale investigation d the
instabili ty has establi shed that the neutral gas confinement precipitates the interfadal
instabili ty of the Rayleigh-Taylor nature.[3,4,13 We summarize the primary findings
and anew diagnastic method cevel oped for study of such urstable nonaxisymmetric
plasmas.

In the presence of the interfaaal instabili ty, the structure of the LPPplume, as
presented in plasma @ntinuum emissonintensity, isno longer symmetric ébou the laser
beam axis. Thisrendersthe Abel inversion algorithm unworkable a atod for inverting
the 1-D plasma luminasity profil e seen from the side into the 2-D crosssectional profile
of the plasma's edfic continuum intensity. We have subsequently developed another
modified inversion algorithm, which is appli cable to nonaxisymmetric plasma plumes.
The new method consists of taking two mutually orthogonal side views of plasma
lumincsity at afixed dstancefrom the target by means of stre&k phaography. The two
side views are insufficient for unique reconstruction d the 2-D plasmaprofile. To
overcome this limitation, a snapshat image of the front view of the plumeis aso taken at
the start. Fig. 5shows four sets of such measurements, one each at the neutral gas
presaure of 1, 10, 20and 50atmospheres at room temperature. This approad is diff erent
from the Cormadk-Hoursefield algorithm in medicd x-ray imaging, where many side
views are taken in ascan, bu isequally effedive.[14]

(c) (dh

(&) (k)
-
-
Figure5. A set of two side-view stre&s at 0.5 mm from the target surface(left) and a front-view
photograph (right) is shown for four different LPPplumes, one ead from an aluminum target placed in
argon at: (a) 1 atm; (b) 10atm; (c) 20 atm; and (d) 50 atm. The laser pulse energy isfixed at 2.5J. The
solid horizontal line & the bottom on the left hand side crrespondsto 1 s alongthe time ais while the

broken verticd line indicates 14.6 mm in width in each of the two mutually orthogonal diredions on the
target plane.




The basic sequence of the dgorithm is siImmarized in Fig. 6. The new inversion
algorithm reconstructs the 2-D cross-sedional section d the LPPplume & agiven time
iteratively by proposing atrial profile and correcting it according to the two side view
luminasity profiles. Thefront view image is used as a 2-D weighting fador to be
multi plied into the eror signals constructed from the diff erence between the cdculated
side-view profil es and the measured ores. Thefina reanstructed 2-D profile & onetime
is used as the weighting factor for the next time step. Thisis continued for the entirelife
of the plume.

Fig. 7 givesasummary of the datafor the LPP plumes from an aluminum target
immersed in argon at four different presaures. For eadch run, two mutually orthogonal
side-views dreaks are recorded. With increasing argon density, the runto runvariation

1. Organize the two streak images into two time-resolved
mutually orthogonal luminosity profiles, Lgae( i; t) and Liop( j; t).
2. Construct a 2-D array of weighting factors from front-view snap shot:

W 7 E)

WL i) = _Meowe BATES
2 W 45 8D

WO h ey = (B

> Wi b br £
3. Selectan initial trial 2-D continuum intensity profile
attimet, I yasma (1,j;1).

4. Calculate temporary luminosity profiles:

temp LSidB( 1;;' £ ) = ZIPhsmn (l;,j',ﬁ:l
i

temp Lyop (220 =57 Ty, @.508)
i
5. Calculatearevised 2-D continuum intensity profile:

Iphsmn (I.,j;fj = Iphsmn (i,j;ﬁ:' - [temprp(; ﬁ)_LtDp (Jrl;zj ] ng: i).)iz' ﬁj

Iphsma .58 = Iphsma (#,.8)- [tempLside( £ _Lside( e Wl( i s E)

6. Calculatean rmserror from the temporary
and measured luminosity profiles:

]

I 3
\/Z[temmep(;' 18)-Ligy (s )] +Z [templ o Cir 2 - Ly, (i 2]
RMS= :

7. Repeat the sequence from 3 to 6 until rmserror is minimized.
8. Calculate new weighting factors using | piasma ( 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
stregks and a front-view snapshot image.



in eat set of stre&ks andimage grows larger. At the same time, the intensity of the laser
beam transmitted through a pinhdein the target exhibitsincreasingly larger fluctuations.

In Fig. 8therecnstructed 2-D profil es of specific continuum intensiti es of
aluminum LPPplumesin argon are shown for seven selected times. The two constant
intensity contours, ore & 50% and ancther at 20% of the local maximum intensity in one
atmosphere argon, grow larger but remain approximately axisymmetric as the time
advances. At higher presaures, the contours exhibit increasingly larger distortions with
increasing time. It also showsthat evolution d the intensity contoursisincreasingly less
reproducible from onerunto the next. These trends have been quantified by first
carying out a 2-D Fourier decompasition d the reconstructed spedafic intensity profil es
and analyzing the run-to-runvariations in the mode anplitudes. The rms values of such
mode amplitude variations, computed from a set of eight runs under identicd condtion,
are plotted as afunction d the wavenumber of the respective modesin Fig. 11. Wefind
thermsvaues sde a the square root of the wavenumber, a well -establi shed signature of
Rayleigh-Taylor instability.[13] The wavenumber of redangular modesis expressed by
the geometric mean o the two wavenumbers associated with eat rectangular mode.
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Figure 7. Evolution of the mnstant intensity contours of reconstructed 3-D LPPplume profil es
at 50% and 20% of the locd maximum is iown at 0.5 mm from the duminum target surface
which isplacel in argon at: (a) 1 atm; (b) 10 atm; (c) 20 atm; and (d) 50 atm. Each column of
contours shows development of asingle LPPplume & 50 nsintervals. The number above eab
column of contours corresponds to the repeda run rumber.
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3. Polarization Spectroscopy of Neutral Gas Confined L PP Plumes

Our interest lies in taking images of the full LPP plumes by means of
polarization-resolved emisgons from the plasma, be acontinuum or line anisson,in
order to elucidate further the nature of the interfacial structures such as thase shown in
Fig. 7. The continuum intensity variation in spacesignifies the existenceof large
gradientsin plasmatemperature and presaure, which in turn will drive the plasma flows
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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 L PP plume shots under identical incident power laser conditions
have been analyzed. k isthe wavenumber of the single mode indicated by the mode number (n,n),
wheren=1t0 6. The zero of the time axis corresponds to the plasma onset time, ¢,,,.;= 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.



Time-Averaged Normalized Standard Deviation

k= ‘\’ kTokaide‘ ' le

Figure9. The standard deviation, normalized by the mean and then averaged over time
from ¢,,,50:+20NSeC 10 7,5, +120NseC, is plotted against wavenumber. The wavenumber
used is the geometric mean of the two wavenumber of each 2-D mode, i.e., k:(kT,,kaide)%.
Results include 39 lowest-order single modes, from (1,1) to (6,6). The solid lineisthe
best fit to the data points according to y~°°.

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 L PP plume can be detected and analyzed either

Figure 10. Schematic
diagram of the experimental
N: ¥ A% Laser Fulse sV arummn SetUp Used for p0| a“za.tlon
_— Q-Switched Manifald spectroscopy. Three different
H orientations of the
P B s spectrograph's entrance dlit
ey l I) _,l—i'==' are used to probe the local
T 5 | * | electricfield and particle

Axdal View Sge croscopy

Charge Frabe | Vel OCity. Theelectric
" J potential, to which the target
e Mdw Sheimgy M 1 || W has been driven, is measured
W S by a means of a 10x probe
Eade Wirw Spectroscapy - Trans-axial and a pOtentl al divider.

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 axia view and the latter as aside view. The full uv to near ir
spectral range is accessible for both views. The ambient neutral gas density remains



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 plumeis
imaged onto the entrance dlit of a spectrograph either for an axia view of the plasmaor a
sideview. Inthe arrangement of an axial view of the plasma, the center of the plume's
image is positioned in the middle of the dit. One half of the dit is covered with an
analyzer with its polarization axis paralel to the dit, and the second half is covered with
another analyzer with its axis perpendicular to the dlit. The central portion of the dlit
between the two analyzers is blocked from the L PP 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 dlit
plane with the plasma axis aligned either parallel or perpendicular to the dlit. The first of
these alignments is referred to as an axial side view, and the latter as a trans-axia side
view. Inthetrans-axial side view, the axial symmetry of the plasma plume can be
exploited: two analyzers can be placed on the dlit in two mutually orthogonal directions.
In the trans-axial arrangement, the analyzer can be aternated from an alignment with its
axis parallel to the dit 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

P\ Laser Pulse FPAR:md Series

Figure 11. Measured time-
resolved target potential as
resulting from charge
separation within the
expanding laser-produced
0.45 plasma plume from an
aluminum target. The target
is placed inside the vacuum
= 0.90 chamber, whichisfilled

175 with argon to varying
pressures. The conducting
target holder is electrically
45 insulated from ground and
connected to apotential
divider. Itspotential is
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......... 2 28 probe. Theintensity profile
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the common time base the laser intensity is shown as function of time for these runs.
They overlap closaly, indicative the reproducibility of the laser pulse. The scale of the
potential is common to al 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 duminum target. The

Figure 12. Polarization and radial

€) position-resolved axial-view spectrum of
L T— i e e i & the laser-produced plasma plumes from
m [ an aluminum target. The target vacuum
L chamber isfilled with argon to 4.5 Torr.
10 3 | See the caption of Fig. 10 for more
A ! ; details. The spectrum (a) showsthe
':'D' ”, ) e | = = 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 thefirst. Thewavelengthisshownin
pixels, which runs from 0 (389.5 nm) to
1023 (447.3 nm). Theintensity scans (b)
run as function of wavelength at each
radial position. Thedark linein the
middle indicates the plume's center. The
line intensities for the two polarization
directions are used to evaluate the degree
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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
aswell as on theradia 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 13. Polarization and radial position-
resolved axial-view spectrum of the laser-
produced plasma plumes from an aluminum
target. Thetarget vacuum chamber isfilled
with argon to two different pressures. a) 48
@ Torr and b) 4.5 Torr. The LPP plumeis
viewed from the direction of the incident

| — ] [Grea o Wiz [ HE =
o e laser beam and isimaged onto the entrance
i | dlit of the spectrograph such that the slit cuts
100 l through the center of the plume. The dotted
L lines indicate the plume's center, which
A . o dividesone polarization analyzer paralel to
' the slit (bottom) from another perpendicular
toit (top). The emissionsfrom the plume's
core have been blocked at the slit. The
(b) vertical axisindicatesthe radial distance
=t . il D 7l from the plasmaaxis, given in detector
m 3 ( pixels at resolution of 0.025 mm per pixel.
| The wavelength axisis displayed
: % | horizontally in detector pixel addresses
= | running from 0 (387.4 nm) to 1023 (477.4
o 200 ) <00 L) [Eors) nm) .

respectively. They show a significant density dependence of the degree of polarization.
Also careful inspection of the individual spectral lines as function of the radia 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 L PP 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 axisis trans-
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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. @) 2.5 Torr and b) 48 Torr. The side view of the plume isimaged with its axis parallel to
the entrance glit of the spectrograph. The upper frames show spectrataken 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 axisindicates
the distance along the plasma axis, given in detector pixels at resolution of 0.050 mm per pixel.

The aluminum target islocated 4 mm below the bottom in each frame. The wavelength axisis
displayed horizontally in detector pixel addresses running from 0 (387.4 nm) to 1023 (477.4 nm).



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
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Figure 15. Radial position resolved degree of polarization for three emission lines of
laser-produced aluminum plasma. The neutral gas pressureis varied from high
vacuum to 48 Torr, as shown on the right-hand side. Thelines are selected from the
neutral (3961.52A Al 1), singly ionized (4663.054 Al I1) and doubly ionized aluminum
(4479.97A, 4479.89A Al 111).

in order to probe different aspects of charge separation. The emission lines at 3961.52A
Al I, 4663.05A Al Il and 4479.97A, 4479.89A Al 111 belong to the multiplets, 2P°-2D of
the neutral aluminum atom, *D-*P° of the singly ionized aluminum ion and 2P°-?D 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 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. Thelines are selected from the neutral (3961.524
Al 1), singly ionized (4663.054 Al 11)and doubly ionized aluminum (4479.97A, 4479.89A Al I11).

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
plasmaplume. Thisis 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 L PP plumes reaches 50 eV
at the peak. Thistrandates to atemperature in the range of 10 €V 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



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 dit 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.

Figure 17. A sketch of the alignment
of the electric dipole moments
(double headed arrows) of radiating
neutral and ionized aluminum atoms
with thelocal electric field and the
directions of motion (single headed
arrows) of super-thermal radiating
species. Thetwo large hollow arrows
on the left-hand side show the rays of
the laser beam directed toward the
aluminum target.

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 kg T = 50 €V, 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.
Thisis adirect 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 suggeststhat d - E 3 kg T , according to the Langevin function,
which gives the mean value of the dipole moment when an ensemble of atomic dipoles
with moment d isin 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



await afull 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
(10'° — 10"® W/cm?), ultrashort-duration (300 fs) laser pulses. Our focus is on the He-like
Si 21 21" — 1s 21 satellite transitions of the Ly-a 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 Ij 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,

I -1,
P=— (1)
I+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,

dg o
2 = Ao +b 2
dt g (2)

where g are the fractional populations of magnetic sublevels formed by the 212D
configurations containing upper levels of the spectral lines of interest (satellites of Ly-a,

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 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 (]7 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 1s” 'S 0.0
2 1s 2s ’S) 1840.2
3 Is 2p °Py 1854.1
4 1s 2p °P, 1854.5
5 1s 2s 'S 1854.7
6 1s 2p °P, 1855.4
7 1s 2p 'P, 1865.4
8 1s 3s ’S) 2176.8
9 1s 3p °Py 2180.6
10 Is 3s 'S, 2180.7
11 1s 3p P, 2180.7
12 Is 3p P,  2181.0
13 1s 3d D, 2183.0
14 1s 3d D,  2183.0
15 1s 3d Dy 2183.1
16 1s 3d 'D, 21832
17 Is 3p 'P, 21837
18 2s” 'Sy 3821.7
19 2s 2p °Py 3824.6
20 25 2p °P 3825.1
21 25 2p °P, 3826.3
22 2p °Py 3837.2
23 2p° °P 3837.8
24 2p2 °P, 3838.8
25 2p° 1D2 3845.7
26 2s 2p 'P, 3846.4
27 2p2 'S, 3865.9

Table 1. POLAR energy level structure for He-like Si

“singlet” transitions

2p2 IDZ — 1Is2p 1P1
2s2p P, — 1s2s'Sy

“triplet” transitions
2s 2p 3P0,1,2 — 1s2s 381
2p” Py — 1s2p Poin

Table 2. He-like satellites of Ly-a




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 a 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).

FILM PIC

[[ Te(t)v [‘r N ] Vbeam ]]
! ]

M3R[~{ 10 | —~POLAR

4

(2]

1,(1). 1, (1), P(2)

Figure 1. Suite of codes



Results

Figure 2 shows the time histories of polarization degrees P for the 21 2I” — 1s 21
He-like Si satellites of Ly-a 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 10> cm™ 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 lPl — 1s2s 1SO 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 Is 2s 'Sy, 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 °S; 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 'P; level.
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Figure 2. Laser intensity 5 x 10'° W/em?, 0=0.2, “full model”. The non-thermal
electrons “turn on” at 100 fs.
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Figure 3. 2s2p P, — 1s2s'Sy: reduced model: levels 1,5,26,H only (H represents the
ground state of H-like Si)
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Figure 4. 2s2p 'P; — 1s2s 'Sy: reduced model: levels 1,2,5.26,H only
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Figure 5. 2p° 'D, — 1s2p 'P;: 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, 2p” 'D, — 1s 2p 'P;. 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
(1s2p 3P,) 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 2p” 'D; 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 21 21" 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-a 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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Measurement of the degree of polarization of the spectra from

laser produced Al plasmas
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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 25, /2 -
4p QPg /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
pm 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
3

temperature was about 3 eV and the density 2 x 10'7 cm ™2 near the target surface and decreased

to 4 x 10' 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 x 10° W/cm?. 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 — I1.)/({| + 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 IIT ( 4s 2S; 2 - 4p P9 /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;/1, was measured to be about 0.544 in the above region with a standard deviation
of 0.002.

Figure 3 shows the polarization-resolved AlTIT (4s *Sy 5 - 4p *PY 5 5 5) 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 pm 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
pm 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 2.2x10'" cm™3 at a place of 220 um away from the target
surface and decreased to 4x10' cm™ at a place of 1300 pm.

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 %Sy 5 - 4p *P} /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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A fully relativistic distorted-wave method for calculating cross sections for excita-
tion and ionization of ions by impact with a polarized or unpolarized electron beam is
described. Some comparisons with semi-relativistic calculations are given. Also some
comparisons made at the Lawrence Livermore National Laboratory with their EBIT
measurements are discussed. Some predictions made by us of the polarization of the
emergent radiation resulting from excitation by both spin polarized and unpolarized
directional electrons are given. Improvements in the excitation codes needed for special

conditions are described.



[. INTRODUCTION

Out principal purpose in this paper is to describe procedures and codes we have
developed to calculate fully relativistic distorted-wave cross sections for excitation and
ionization of ions by impact with an electron beam. Also some consideration is given
to the expected degree of polarization of the subsequent radiation and to comparisons
with measured values for the polarization plus some other theoretical work.

First the approach used for calculating the needed atomic structure data is described.
The we outline how the excitation cross sections are determined. This is followed by
a description of how the procedure for excitation is modified to give ionization cross
sections. Then some comparisons are given of the excitation numerical results we obtain
with those of two semi-relativistic distorted-wave codes. In addition, comparisons made
at the Lawrence Livermore National Laboratory (LLNL) of the expected degree of po-
larization based on use of our codes for excitation with electron beam ion trap (EBIT)
measurements are presented. Also we give results for excitation by a spin polarized elec-
tron beam and the degree of circular polarization of the subsequent radiation expected
in that case. This is followed by a discussion of the degree of linear polarization of Se?**
lines expected when, in addition to direct excitation, the effects of inner-shell ionization
of Se??* and radiative cascades are included. Finally two types of improvements in our
excitation code that are required for accuracy in treating special circumstances are de-
scribed. One of these is the modifications required in treating optically allowed An = 0
transitions. The other is inclusion of the generalized Breit interaction between the active
bound electron and the free electron. This is required in considering excitation of ions

with large nuclear charge Z, especially when excitation of a 1s electron is involved.

II. THEORY

A. Atomic structure

For the atomic structure data the Dirac-Fock-Slater (DFS) code described in Ref. [1]
is used with the improvements of Ref. [2] added. Since the orbitals of all electrons are
solution of the Dirac equation, the major relativistic effects are included automatically.
However, for large 7 it is necessary to include the improvements of Ref. [2]. These
are: (1) replacement of the point charge Z with the Fermi charge distribution Z(r), as
described in Ref. [3]; and (2) inclusion of the QED corrections, that is the electron self
energy, the vacuum polarization and the generalized Breit interaction, the latter being

the most important. We note that Z(r) differs from Z only for extremely small r.



First the electron orbitals are calculated self consistently as solutions of the Dirac

equation using a central potential V(r). This is the DFS potential given by

Vi =~ v - [0 ()
where

= 3 e /0“% (P2, (r) + Q2u(r2)] dra, (2)
and

5 0 P(r) + Qi (1) (3)

n'k!

47Tr

Here w,. is the occupation number of subshell n’s’, and P, ./(r) and Q. (r) are the
large and small components of the radial part of the wave functions of electrons in that

subshell. The relativistic quantum number x has the values
k=1 3=1-1/2; k=—-1—-1,7=1+1/2. (4)

The final term in Eq. (1) is the exchange energy of an electron in a free electron gas
averaged over all possible momenta of the electron. With Eq. (3) we are using for p(r)
the spherical average of the density of electrons at a distance r from the nucleus.

Single configuration basis state functions are constructed using these orbitals. Then
the mixing coefficients and energy level eigenvalues are determined by diagonalizing the
complete Hamiltonian with the exact electron-electron Coulomb interaction and QED
corrections included. Usually only the mixing among states with the same set of n
values, as well as .J value and parity, is included.

In determining the central potential given by Eqs. (1) — (3) a single mean con-
figuration is used. For example, in excitation of He-like ions to the n = 2 levels we

used

151.5250.172})?./1272]?3./126 (5)

Here, as we usually do, we have split the occupation of the active electron between the
initial and final shells. The way in which the occupation is divided among the subshells
of a shell has little effect.



B. Excitation cross sections

The procedure we use for calculating cross sections for excitation by an electron
beam has been given in Ref. [4]. This procedure is summarized here, but to be consistent
with ionization we use the notation of Ref. [5]. The relativistic scattering amplitude B’
for scattering an electron with spin m,, wavenumber k., and direction k into direction E’

with wavenumber k£’ and final spin m/ accompanied by change in the state of the target

ion from B,J; My to B;J/ M/ cab be written

2 ’ m* o~ ml o~
B (B, My — BLIM) = % S i expli(d, + 6.0V, (R)Y, (K
i,my,3,m
lly.,nghjl7 !
< C (lgmums; jm)C(I'gmimi; j'm')T(a, o'), (6)
where
a=klgmB;JiM;, o =KUj'm'3.J M. (7)

Here the Y'’s are spherical harmonics, the (s are Clebsch-Gordon coefficients, the [, my,
J, mand ', mj, 3/, m' refer in the usual way to initial and final angular momenta of
the free electron. The §’s are the relativistic Coulomb phase factors given by Eq. (A2)
of [4] with the small corrections due to departure of the potential from a pure Coulomb
potential computed as described in the appendix of [4]. .J; and M, are the ion’s initial to-
tal angular momentum and its z-component, while (3; represents all additional quantum
numbers required to specify the initial state of the ion. Analogous primed quantities
refer in a corresponding way to the final state of the ion. The T'(a, @’) is an element of
the T-matrix.

Assuming we are not interested in the final spin of the electron, the excitation cross

section is given by

Qe (Bl My — BLIM]) =3 [ k| By I (8)
In determining Eq. (8) we choose the z axis to be in the direction of k. Then m; = 0
and
~ (A1)
ACEYE I 0
AT

The integration over scattering electron direction gives

!
1



Then after performing the summation over mj; and [} we can use

> C(U'gmiml; gim ) C (U smpml; §'m’) = 6150t s - (11)
mi,m}
So the dependence on the final phase factors 4, drops out. Also we express the T-matrix
in terms of the R-matrix
_ —2iR
- 1—2iR

~ —2R, (12)

where, as is well known, the final form applies for highly charged ions for which the
R-matrix elements are very small. Finally we go to the coupled representation so that

we can use R-matrix elements calculated by one version of our total cross section code

R(a,a’) = > C(JyjMm; JM)C(J5' M{m'; JM)R(v,'), (13)
IM
v = kljBJ M, ~ = K153 IM. (14)

Thus, collecting results

4 .
Q™ (B = BIM]) = 5 30 X ATl 1)(2h + 1)
Uiy, JJ M
l/,]’,m’

X expli(d, — 551)]0(%07715;jm)C(h%Oms;jlm)
X C(JigMym; JM)C (31 My JIM)O(Jt/.j/Mt/m/; JM)
xC(Jj3'M{m"; JIM)R(v, 7" ) R(7,7) - (15)

In most applications the target ions are initially randomly oriented so the cross section

of interest is given by averaging Eq. (15) over initial sublevels

1
Q" (Bey — B M) = > QT (B My — BT M) . (16)
20y + 1497
In addition, the interest is usually in impact by an unpolarized electron beam so the
cross section of interest is
1

Q(Be): — B M) = mm%t Q" (BeJe My — B, M) . (17)
It should be noted that the same potential is used for all electrons, bound and free,
so they are all automatically orthogonal. For example, for excitation of He-like ions
to the n = 2 levels this potential is given by Eqs. (1) — (3) evaluated using the mean
configuration given by Eq. (5).



C. lonization cross sections

As described in Ref. [5], the expression for the cross section for ionization by an
electron beam is readily obtained by modification of the expression given in the previous
subsection for excitation. In doing this, ejected electron properties are indicated by
double primes. Then in order that Eq. (6) be modified to apply for ionization we insert

on the right-hand side the quantity Y. /(%)i_l” expli 6,0 C(I"3mim; j"m”) and sum

1/2

over ["”, my, 3" and m”. Also we must divide by 7'/% to take account of the different

normalization for the extra (ejected) free electron, which has replaced the final active

bound electron. Thus, the ionization scattering amplitude B, for scattering of an

m”

electron with spin m,, wave number k and direction k into dlrectlon k' with wave number
k" and final spin m/ accompanied by a change in the state of the target ion from 3,.J, M,
to B)'J'M]" with one less bound electron, which has been ejected into direction k" with

wave number £” and spin m?”, is given by

! 1"

8rl/2 iy kY, (Y (k
B =1 expli(6, + o + 6,0 )]V, (k)Yl, KDYt (K

Bm " =
ms k

«My

l,mlu,m
i, ml] m/!
1 m;l ]“ m!!
1 . 3 NN NN Y S | //1
xC(l3 mzms,Jm)C(Z amimg; J'm)C (1" gmim; 7" m")
N+1

(S |0 (18)
P ap
q<p

Here the T' matrix in the analogous Eq. (6) has been repaced with

., N+1 1 .,
T — —4i(Wy | S0 — | wYy, (19)
P ap
q<p

where
N+1 N+1
(v | Z 1) = B Medjm | 3 | SLMEE ) (20
<I<P q<p
is the ionization scattering matrix element in the uncoupled representation. The N
in these equations is the initial number of bound electrons, while ¢, ¢” and ¢ are the
relativistic kinetic energies of the incident, ejected and scattered electrons, respectively.
If one is not interested in the spins of the scattered and ejected electrons, the differ-
ential and total cross sections for ionization from one specific sublevel to a final specific
sublevel by directive electrons with spin m are

dSQmS
dbrdide” ;: | B | (21)



and

Q™ (B My — BT M) = Z / e [ai [ k) By, (22)

where [ is the ionization energy.
Our present interest is in Eq. (22). Again we choose the z axis to be in the k
direction. Then m; = 0 and Eqs. (9) — (11) apply. Also equations like (10) and (11)
apply for the ejected electron so the dependence on d;», as well as the dependence on

0y, drops out. Collecting results we obtain

16 o ,
Qm (Bl My = BLIIMY) = o5 32 1M1+ 1)(2h + D] expli(de — 8, )]
aLh
U 1 mlt
XC(Z%OmS;jm)C(h;Oms,jlm)
(=02 | o Dar| =
<[ (W13 W (v | 2 ) (23)
P ap
q<p q<p

We note that the second matrix element in Eq. (23) is given by Eq. (20) with [ and
7 replaced by [y and j;, respectively, and that m = m, due to the property of the
Clebsch-Gordon coefficient.

In evaluating Eq. (23) it is computationally efficient to first evaluate the matrix

elements by expressing them in terms of those in the coupled representation using the

expression
N+1
(U | Z — | U = Z C(JyjMym; IM)C (' M{m'; JM)
o J,M,J, M
N+1 1
XC(JF M JIM) (Wi | D — | Wy, (24)
ap
where
N+1 N+1 1
(v, | Z ) = BB IM | S | BT IM) (29
ap Tap
q<p q<p

These coupled matrix elements can be obtained using one version of our code for total
ionization cross sections, i.e. cross sections given by summing over final sublevels and
averaging over initial sublevels.

As in the case of excitation, in our calculations all orbitals for both bound and free

electrons are solutions of the Dirac equation using the same potential given by Eqgs. (1)



— (3) evaluated using a mean configuration so they are all automatically orthogonal. For

example, for inner-shell ionization of Li-like ions the mean configuration used was
R T 2

Here we represent the state of the ejected electron by the highly excited subshells 8p; /,
and 8ps/e. The results are insensitive to the precise subshells used for that purpose, as
long as they are much higher than the other subshells involved in the set of transitions
being considered. Again analogous to excitation we have split the occupation of the
active electron equally between the initial subshells and the subshells representing the
ejected electron.

In most applications the target ions are initially randomly oriented so the cross

section of interest is given by averaging Eq. (23) over initial target ion subshells

1

Q™ (Bee = Bl I M) = > QM (Bt My — BT M) . (27)
20y + 1497

If the ionization is also due to impact with unpolarized directional electrons, the cross

section of interest is

QBT — BIIIMY) = — L S QB M, — BLIIMY) (28)
s, My

212J,4+1) )
If one also sums over final subshells M/ it is readily verified that the usual expression
for the total ionization cross section is obtained. A similar statement applies for the
excitation results given in the previous subsection.

It is interesting to note that although the numerical results for the case of impact
by polarized directional electrons obtained with Eqs. (23) or (27) depend on the final
magnetic sublevel M/, those obtained with Eq. (28) for unpolarized electrons are found
to be almost independent of M/’. Test cases have indicated that they are completely
independent of M|’ when configuration mixing can be neglected, although we have been
unable to prove this analytically. The fact that at least for quite highly charged ions the
cross sections for ionization by impact with directional electrons is almost independent
of M}" is very convenient because it is much faster to calculate total ionization cross
sections than those obtained with Eq. (23) in Eq. (28). Thus, approximate values for
ionization to specific magnetic sublevels by impact with unpolarized directional electrons
are readily obtained by simply dividing the total ionization cross section equally among

the final magnetic sublevels.



ITI. COMPARISONS WITH OTHER WORK

A. Comparison with results of other codes for excitation

To our knowledge there are no other fully relativistic codes, i.e., codes based on the
Dirac equation, with which we can compare results for impact by directional electrons.
However, there are two semi-relativistic distorted-wave codes, i.e., codes in which all or
most relativistic effects are treated perturbatively, with which we can compare results.
One of these is the code of Inal and Dubau [6]. This is an extension of the well-known
University College London set of programs [7 — 9] to apply for directional electrons.
The other is the Los Alamos code of Clark et al. [10], which is based on the distorted-
wave method of Mann [11]. This uses atomic structure data obtained with the code
of Abdallah, Clark and Cowan [12], which in turn is based on Cowan’s Hartree-Fock
approach [13]. As shown in [4] the agreement is generally good for He-like and inner-shell
excitation of Li-like iron. It is also moderately good for neon-like iron and molybdenum
(7 = 42), which indicates a semi-relativistic treatment is fairly accurate in these ions.
We think the larger discrepancies for the neon-like ions are due principally to the different
potentials used in the calculations, but for 7 = 42 relativistic effects on the radial
functions might be of some significance. If instead of n = 2 excitation, 1s excitation
were being considered, as would be the case for He-like ions, almost certainly a fully
relativistic treatment would be required for 7 = 42.

As an example of the comparisons, we have included those for He-like iron in Table I,
which is taken from Ref. [4]. The results are for impact by unpolarized directional
electrons for which Eq. [17] applies. However, the values given are for the collision

strengths ) rather than the cross section (). The two are related by

Q=

Tag
where g is the statistical weight of the initial level. For total cross sections

el (29)

gZQJt—I—l,

but for transitions between magnetic sublevels g is 1. Also the relation between k% and
¢(Ry) is given by
o?
K = e(Ry)[l + e(Ry)], (30)
where oo = 1/137.036 is the fine structure constant. The second term in the brackets of
Eq. (30) is small for the cases considered in Table I. For unpolarized electrons results

depend only on | M; | so only values for positive M, are given.



B. Comparisons with measured EBIT results

Comparisons of excitation results obtained with our codes have been made with
EBIT measurements by Beiersdorfer and coworkers at LLNL. Generally the agreement
is found to be good [14, 15]. As an example of the comparisons between measured
results and theory we include the polarization comparisons given in Tables II and III.
These are taken from Ref. [16] and [17]. Table II gives polarization results for He-like
iron for the four lines 1s2p 1P, — 152 1Sy, 1s2p 3P, — 152 15y, 1s2p 3P, — 15?2 15,
and 1s2s 25; — 152 15y, called w, y, x and z, respectively. Values labeled “Shlyaptseva
and coworkers” are predictions based on Coulomb-Born calculations of Ref. [18] and [19].
The values labeled “Inal and Dubau” are based on excitation calculations using the semi-
relativistic distorted-wave programs of Ref. [6] and [20]. The values labeled “Present
Calculations” are based on use of our code for excitation. One sees that there is very
good agreement between theory and measurements with the exception of the Coulomb-
Born calculations. Table III gives similar comparisons of the predicted polarization
based on using our code for excitation and the EBIT experiments for titanium. In this
case results for the Li-like line 152s2p 2P3/2 — 15225 251/2 called q are also given. The

agreement is again very good with the exception of a larger discrepancy for the w line.

IV. OUR PREDICTIONS OF POLARIZATION

A. He-like ions excited by polarized electrons

Here we give a brief summary of work done in Ref. [21] on the circular polarization
of lines of He-like iron excited by longitudinally polarized directional electrons. By
longitudinally polarized it is meant that m, = +1/2, that is the impact electron spin
is in the same direction as the electron motion so that Eq. (15) with ms, = +1/2 is
used in determining the cross section. Although no measurements have been done using
polarized electrons, it is expected that they will eventually. In contrast to excitation by
unpolarized electrons, excitation by longitudinally polarized electrons produces circular
polarized, as well as linear polarized, radiation. Also the cross section depends on the
sign of the final magnetic sublevel quantum number M/, as well as its magnitude.

In Ref. [21] results for collision strengths Q (see Eq. (29) for the relation between
and @) are given for excitation to both the n = 3 levels and the n = 2 levels. However,
in the interests of brevity we sample only some of the results for n = 2 excitation in
Table IV. The upper entries are semi-relativistic distorted-wave values obtained with the

code of Ref. [6], while the lower entries are our fully relativistic distorted-wave values.



With the exception of two extremely weak transitions (not shown in the present sample)
the agreement is very good.

In Table V we have sampled part of the results in Ref. [21] for the degree of circular
polarization expected when observed along the electron beam direction, where it is
a maximum. The upper entries are semi-relativistic results obtained assuming direct
excitation from the ground level is the only mechanism populating the upper levels.
The second entries are corresponding fully relativistic results. The third entries are semi-
relativistic calculations that include the effect of cascades from higher n = 2 and n = 3
levels. In view of the general agreement between relativistic and semi-relativistic results
for He-like Fe we expect the results would be almost unchanged, if the third entries had
been calculated fully relativistically. One sees that the degree of circular polarization is
large for lines x, y and z, but for x and y the effect of cascades is small. In work now in
progress and expected to be completed soon we are doing fully relativistic calculations
with inclusion of the effect of inner-shell ionization of Li-Like Fe on the expected degree

of polarization.
B. Predicted polarization of Se** lines

Here we summarize recent theoretical work done in Ref. [5] on the predicted degree of
linear polarization of Ne-like Se lines. The lines considered are the magnetic quadrupole
transition (2p3/22p§/235)2 — (prﬂ?pg/?)o called 3H and the two electric dipole transitions
(2p3/22p§/233)1 — (2p3/22p§/2)0 called 3G and (2p1/22p§/235)1 — (2p3/22p§/2)0 called 3F. The
mechanism considered for populating the upper magnetic sublevels by impact with an
unpolarized electron beam are: (1) direct excitation from the ground level; (2) excitation
to higher levels followed by radiative cascades; and (3) inner-shell ionization of Na-like Se.
The excitation and inner-shell ionization cross sections are calculated fully relativistically
using the distorted-wave codes described in Section IIB and IIC.

Assuming the direction of observation is at right angles to the incident electron
beam, the degree of linear polarization of the radiation emitted in the electric dipole
transitions is related to the populations Ny of the upper M;-magnetic sublevels by

— u‘ (31)
No + My

For the other line of interest here, namely the magnetic-quadrupole transition that we
call 3H, P is given by

Ny — N

p 1

= - - 32
Ny, + Ny (32)



Now we consider the radiative cascades. In doing this it is convenient to use a

slightly different notation than used previously in Sec. II. We let
o; = [ JiM;, (33)

where, similar to Sec. IIB, the (3; represents the quantum numbers in addition to the
ion’s total angular momentum .J; and its z component M; that are required to specify
a magnetic sublevel in detail. Also we let o; = 3;J;M; refer in an analogous way to
a higher sublevel. Then assuming that the radiative decays determining the cascade

contribution are dipole transitions, the relation
A(Oz]‘ — Ozi) = (C(leM]‘Mi — M]‘; JZMZ))Q A(ﬁ]J] — ﬁZJZ) (34)

applies. In Eq. (34) A represents the radiative decay transition probability for the
appropriate level or sublevel transition. For very low densities, as in EBIT experiments,

and a mono-energetic electron beam we can replace the N,, in Egs. (31) and (32) with
(g — ;) +ro(g — o),

where g and ¢’ are the ground levels of the Ne-like and Na-like stages of ionization and
r is the abundance ratio of these ionization stages. Here 0" (g’ — o) is the inner-shell
ionization cross section and o°(g — «;) is the sum of the direct excitation cross section
0%(g — ;) and the effective cross section for indirect excitation from g to a; via all

cascade transitions feeding o

o(g — o) =o%(g = o) + >s,0, B(B; 5 — BiJi)
X Yo, 0%(g = a;) (C(J;1M; M; — My J; M), (35)

where R is the branching ratio for the radiative transition from level j to level ¢, which
we compute using the Babuskin gauge and the relativistic GRASP code of Refs. [22]
and [23]. Evidently, in 0°(g — «a;) cascades are also involved.

Before giving numerical results we note that in determining the central potential
given by Egs. (1) — (3) and used in solving the Dirac equation for the bound and free

orbitals we used the mean configurations
1s%2s122p1 /525 /535° 31 153p5 335 o35 /5 10d55710d5 757 (36)
and

15°25" 2y 5 2pg /535" 1 3p} 535 5355345 (37)



for inner-shell ionization of Na-like Se and direct excitation to the n = 3 levels of Ne-like
Se, respectively. In the case of Eq. (36) the n = 10 subshells are used to represent the
contribution of the ejected electron to the potential.

Tables VI, VII and VIII give results for the basic quantities required in determining
the polarization of the lines being considered. There we use the following common

abbreviations for the upper levels of the transitions:

(2p1/23s)1 = (15°25%2py/22p5 535 )1 (38)
and

(2psj23s)1 = (15*25%2p] ,2p5535)1. (39)

For the quadrupole transition Eq. (39) also applies, but with 2 replacing the subscript 1.
Results are only given for positive M; because they depend only on |M;|. One sees from
these tables that in all cases o considerably exceeds o9¢, which indicates that the major
contribution to ¢° is the cascade contribution. Also it appears, especially for (2p;/23s):
and (2p3/23s)y, that the cascade contribution must yield a nearly uniform population
distribution. This occurs as a consequence of the Clebsch-Gordon factor in Eq. (34)
and the fact that the major cascade contribution in these cases comes from higher levels
with J; = 0. Also one sees that, except for low energies in the case of the upper levels
for the dipole transitions, the inner-shell ionization cross section o' exceeds the direct

de Tn addition as mentioned in Sec. IIC the ionization cross

excitation cross section o
section is nearly independent of the final magnetic sublevel. Hence, both the effect of
inner-shell ionization and radiative cascades tend to diminish the polarization. This is
demonstrated by the results for the degree of polarization given in Table IX, where the
results are given with and without the radiative cascade contribution and for various

values r for the relative abundances of Na-like ions.

V. IMPROVEMENTS REQUIRED FOR SPECIAL CASES
A. Treatment of optically allowed An = 0 transitions

It is well known that for optically allowed An = 0 transitions, which generally
have small transition energies, very large angular momenta [ and [’ for the impact and
scattered electrons contribute significantly to the cross section for excitation. For to-
tal excitation cross sections, i.e. cross sections summed over final magnetic quantum

sublevels M, and averaged over initial magnetic sublevels M;, this large  contribution



can be calculated readily using the Coulomb-Bethe (CB) approximation, as described
by Burgess [24]. However, his convenient formula is not valid when the electron ra-
dial functions become j-dependent due to relativistic effects and it certainly does not
apply at all for transitions between magnetic sublevels produced by impact with direc-
tional electrons. In Ref. [25] we have given a procedure for treating this, which we now
summarize.

For I" > ly, where [y is some large number, the relativistic Coulomb-Bethe approx-
imation (RCB) becomes valid. This approximation corresponds to approximating the
Coulomb interaction between the active bound electron N and the free electron N + 1

by

1 ré
— - = CMN) - CMN + 1
e— ZAZ@H (N) - CHN +1)
~ T;VN CO(N) - CO(N +1) . (40)
+1

In addition exchange is neglected and relativistic Coulomb functions are used for the

free electrons. The result, expressed in terms of the collision strength, is

ORB(B, M, — BT/ M) = 165 (B, B10]) S i [(20 4 1)(20 + 1)]Y?

L,i1,5,01
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x expli(dx — 85, )|C(150m.; jm)C (Li50ms; jim)

R T A A TR U U N A B A
>
r \—m, k m —ms k m' -M, k M
) (=17 =2 [ (kL KU T (Kl g, KT )

<G IO e (41)

where

. . : . . hA e
(i 1 O o) = (152, + 1) (270 + 1) ( L ) @
2 U 3
and the () in Eqs. (41) and (42) are Wigner 3j’s. The I’s are relativistic Coulomb

integrals

I(klj, k') = /OOO :—Q[szj(T)Pk'z'j'(T) + Qi (r)Qrrarje(r)] dr (43)

and S is the line strength.
For sufficiently large [ the code of Ref. [25] using Eq. [41] gave numerical error.

However, we found that before this region of I’ was reached, the ratio of successive partial



wave contributions had become very nearly constant. Assuming this ratio is exactly
constant and equal to some value C for a given transition and energy, the contribution

of all partial wave with I’ > [} is given by

C
RCBx _ RCB

where Q{}?ff is the partial wave relativistic Coulomb-Bethe value for I’ = [ — 1. Hence,
the complete collision strength for transitions between magnetic sublevels is given by

0= Qg™ + Q058 + Qi (45)

¥
lg,00

where Qé%ﬁzvl is the relativistic distorted-wave contribution for 0 < !’ <[y — 1 calculated
by the procedures discussed in Sec IIB. The value of [y is chosen such that the partial
wave contribution for I’ = [y calculated by the relativistic distorted-wave method and by
the RCB approximation agree to four significant figures. Thus the only uncertainty in
use of Eq. (45) for the fully relativistic distorted-wave results is in the final term, which
gave quite a large contribution of ~ 20 or 25% in some of our calculations. These were
done for He-like ions with Z = 10, 26, 56 and 79. In Table X a part of the results for
7 = 56 are reproduced. The key for the labeling of the transitions is

1 —3=1525°S —1s2p ° P or (1sy22s1/2)1 — (181/22p1/2)1 (46)
and
1 —5=152525, —1s2p 'P, or (Ls1/2251/2)1 — (181/22p3/2)1 (47)

In the table the ¥ entries are results for the total collision strength obtained by summing
over M; and M. For the Z = 10 results, which we have not been reproduced here, a
non-relativistic treatment should be valid for which one can use the convenient Burgess
formula [24] in obtaining the total cross section. Results obtained that way with the
same atomic structure data do agree with the ¥ entries for 7 = 10 given in Ref. [25] to
within a fraction of a percent. This indicates the procedures of Ref. [25] do probably give
the distorted-wave results for the individual sublevel transitions to within a few percent
despite the fairly large contribution of the final term in Eq. (45) in some cases. In
Table X results between some sublevels could be omitted because they can be obtained

from the fact that

QBiJiM; — BpdMy) = Q(B;J; —M; — By J; —My) (48)



It is noted that [y and [} used for the three electron energies are also listed in the table.
B. Inclusion of the generalized Breit interaction

For high Z values it is necessary to include the generalized Breit interaction between
the electrons in addition to the Coulomb interaction. This has been done in our atomic
structure calculations, as mentioned in Sec. ITA. Also in calculating the scattering matrix
elements the generalized Breit interaction between bound and free electrons has been
included as an option in our codes for total excitation cross sections [26, 27] and total
ionization cross sections [28, 29, 30]. More recently it has been added to our code for
excitation cross sections for transitions between magnetic sublevels in Ref. [31], which
we now briefly discuss.

In order to include the generalized Breit interaction between a bound electron la-
beled 1 and a free electron labeled 2 one replaces 1/r12 with g(1,2) in the calculations,
where ¢(1,2) is given by

1 )exp(iwrlg) exp(iwryg) — 1

9(1,2) = — — (a1 - a9 + (a1 - Vi)(ay - Vy) 5

12 12 W ry12

(49)

Here oy and ay are the usual Dirac matrices and w is the wave number of the exchanged
virtual photon.

In Table XI and XII we have reproduced the results obtained in Ref. [31] for He-like
iron and xenon (Z = 54). One sees from Table XI that inclusion of the generalized Breit
interaction has a small effect for Z = 26 except for the highest energies considered,
where it can have an effect as large as 15%. However, as seen from Table XII, the effect
is often very significant for Z = 54. The validity of these results for xenon has been
verified by EBIT measurement at LLNL given in Ref. [32], as seen from Table XIII,
which is a reproduction of their Table 3.

It is interesting to note that in all cases our calculations indicate the inclusion of the
imaginary part of the generalized Breit interaction has a small effect. This is important
because the calculations are very lengthy and omitting the imaginary part reduces the
computing time by about a factor of 2.

Finally we note that we have not yet put an option to include the generalized Breit
interaction into our code for ionization to specific magnetic sublevels, but we expect to

do so in future work.
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TABLE 1. Comparison of results for collision strengths for excitation from the ground level to
the magnetic sublevels M/ of various 1s2p levels in He-like iron. In each case upper entries
represent fully relativistic values, second entries are from the code of Ref. [10], and third entries
are from Ref. [6]. Numbers in the square brackets are power of 10 by which adjacent entries
should be multiplied. All transition energies AF were approximated by the same value 493Ry
in Ref. [6]. Also, for most transitions the present results were calculated for slightly different

values for the impact electron energies ¢(Ry) than those listed.

Excited e(Ry)

Level M} AF(Ry) 550 700 900 1200 2000

1s2p 1Py 0 493.2 1.69[-3] 2.37[-3] 3.09[-3] 3.85[-3] 4.94[-3]

or 1930 1.69[-3] 2.391-3] 3.071-3] 3.76[-3] 4.68[-3]

(18122P3/2)1 1.69/-3] 2.38[-3] 3.061-3] 3.76[-3] 4.69[-3]
1 4.19[-4] 6.12[-4] 8.84[-4] 1.30[-3] 2.32[-3]

4.18[-4] 6.20[-4] 8.98[-4] 1.31[-3] 2.30[-3]
4.06[-4] 5.84[-4] 8.87[-4] 1.35[-3] 2.39[-3]

1s2p 3P4 0 490.7 2.08[-4] 2.42[-4] 2.85[-4] 3.37[-4] 4.20[-4]

or 490.6 2.19[-4] 2.55[-4] 2.99[-4] 3.47[-4] 4.16[-4]
(151/22P1/2)1

1 2.65[-4] 2.09[-4] 1.76[-4] 1.69[-4] 2.16[-4]

2.66[-4] 2.09[-4] 1.78[-4] 1.72[-4] 2.20[-4]

1s2p Py 0 491.9 2.91[-4] 1.98[-4] 1.27[-4] 7.35[-5] 2.50[-5]

or 491.7 3.08[-4] 2.10[-4] 1.35[-4] 7.76[-5] 2.63[-5]
(151/221)3/2)2

1 2.37[-4] 1.61[-4] 1.04[-4] 6.04[-5] 2.12[-5

2.50[-4] 1.70[-4] 1.10[-4] 6.36[-5] 2.23[-5

2.45[-4] 1.65[-4] 1.05[-4] 6.05[-5] 2.10[-5

2 7.46[-5] 5.00[-5] 3.32[-5] 2.11[-5] 9.70[-6

7.63[-5] 5.13[-5] 3.42[-5] 2.19[-5] 1.02[-5

7.55[-5] 4.96[-5] 3.28[-5] 2.09[-5] 9.74[-6




TABLE II. Comparison of calculated and measured values of the polarization of lines w, x, y,

and z at an excitation of 6800 eV. Results are for He-like iron.

Shlyaptseva Inal and Present

Line and co-workers Dubau calculations Measurements
P, +0.82 +0.584  +0.599 +0.5679-47
Py -0.75 -0.518 -0.515 0537055
Py -0.23 -0.196 -0.192 -0.2215-0°
P (no cascades) 0.000 0.000 0.000

P, (with cascades) -0.078 -0.074 007615007

TABLE I1I. Intensities (adjusted for the spectrometer response function) and inferred linear
polarization of the helium-like lines w, x, y, and z and of the lithium-like line q for titanium

measured with Si(220) and Si(111) crystals. Theoretical polarization values are given for

comparison.

Si(220)  Si(111)  Predicted Measured
Line  lon  (counts) (counts) polarization polarization

w T 18976 1820 40.608 4043101
X TiOF 3628 185 -0.519 -0.48+0:08
v T 4468 268 -0.339 -0.3310:07
. Tt g1l 470 0.106  -0.10170014
q  Ti"t 5999 569 +0.341 0407055

0.10




TABLE 1V. Collision strengths for transitions from the 1 1Sy ground level to the different M/

magnetic sublevels of two of the n = 2 levels in Fe?**, assuming the incident electron beam

to be completely longitudinally polarized. The upper entries are the semi-relativistic results

and the second entries are fully relativistic results. The threshold energies AF and the impact

electron energies ¢ are in Ry. Here R[n] means R x 10™.

Upper e(Ry)
Level M/ AE(Ry) 495 700 2000
182p 2P -1 1.10[-5] 1.97[-5] 1.49[-4]
1.13[-5] 2.28[-5] 1.81[-4]
0 490.74 1.99[4] 2.39[-4] 4.00[-4]
490.04  2.13[-4] 2.68[-4] 4.73[-4]
1 5.72[-4] 3.82[4] 2.61[-4]
5.84[-4] 4.03[-4] 3.01[-4]
182p 'P1 -1 4.08[-4] 6.61[-4] 2.40[-3]
3.80[-4] 6.49[-4] 2.34[-3]
0 493.18 1.42[-3] 2.391-3] 4.69[-3]
492.46  1.39[-3] 2.36[-3] 4.94[-3]
1 3.25[-4] 5.75[4] 2.34[-3]
3.10[-4] 5.70[-4] 2.27[-3]

TABLE V. Degree of circular polarization (in %) of the four Fe*** n = 1 — 2 lines at three

impact energies ¢(Ry) of the longitudinally polarized incident electrons. For the lines w, x,

and y the values in upper and second entries are obtained using semi-relativistic and fully

relativistic collision strengths, respectively, and assuming direct excitation from the ground

level to be the only population process for the upper levels. The third entries for these lines,

as well as the sole entries for the line z, are the results of the semi-relativistic calculations

including cascade contributions from the higher n = 2 and 3 levels.

¢(Ry) ¢(Ry)
Line 495 700 2000 Line 495 700 2000
-11.3 -7.0 -1.3 96.2 90.2 27.3
w -99 6.5 -1.5 y 96.2 89.3 24.9
-6.1  -1.3 85.7 26.1
-50.4 -50.8 -46.2 7 64.0 60.4 44.7
X -50.1 -50.4 -46.0
-48.5 -41.0




TABLE VI. Cross sections (in units of cm?) versus incident electron energy ¢(Ry) for direct-
excitation O']d\i,, effective excitation oj, and inner-shell ionization O'}\iL, involved in the popula-
tion of the specific magnetic sublevels M; of the (2p,/33s); level of Ne-like Se. Values for the

threshold excitation and ionization energies AF(Ry) are also given. z[y] means z x 10Y.

¢(Ry)
AE(Ry) 190 250 400 800
ode 108.7  3.423[-22] 3.504[-22] 3.190[-22] 2.221[-22]
o 1.044[-22] 1.016[-22] 1.074[-22] 1.110[-22]
as 3.561[-21] 2.794[-21] 1.854[-21] 1.011[-21]
of 3.108[-21] 2.415[-21] 1.604[-21] 9.202[-22]
ol 184.8  1.365[-22] 1.047[-21] 1.526[-21] 1.331[-21]
ol 1.360[-22] 1.041[-21] 1.510[-21] 1.319[-21]
TABLE VII. The same as Table VI but for the (2p3/,3s); level
(Ry)
AE(Ry) 190 250 400 800
ode  105.6  5.495[-22] 5.636[-22] 5.119[-22] 3.540[-22]
ofe 1.394[-22] 1.502[-22] 1.718[-22] 1.807[-22]
as 5.773[-21] 4.563[-21] 3.049[-21] 1.678[-21]
of 5.218[-21] 4.071[-21] 2.676[-21] 1.514[-21]
ol 181.8  2.263[-22] 1.145[-21] 1.640[-21] 1.406[-21]
ol 2.213[-22] 1.111]-21] 1.547[-21] 1.339[-21]
TABLE VIIL. The same as Table VI but for the (2p3/,3s), level.
(Ry)
AE(Ry) 190 250 400 800
od* 1054  5.963[-23] 3.256[-23] 9.988[-24] 1.362[-24]
afe 5.334[-23] 2.915[-23] 9.138[-24] 1.339[-24]
ode 3.442[-23] 1.889[-23] 6.584[-24] 1.269[-24]
o 1.589[-21] 9.792[-22] 4.760[-22] 2.029[-22]
of 1.478[-21]  9.020[-22] 4.299[-22] 1.908[-22]
o5 1.168[-21] 7.476[-22] 4.080[-22] 2.150[-22]
ol 181.6  2.332[-22] 1.154[-21] 1.654[-21] 1.415[-21]
ol 2.312[-22] 1.140[-21] 1.617[-21] 1.389[-21]
ol 2.251[-22] 1.101[-21] 1.508[-21] 1.311[-21]




TABLE IX. Degree of linear polarization P (in %) for the three lines 3F, 3G, and 3H of Se***

at several incident electron energies and for various values of the ratio r of the ground-level

ion population Se?**/Se?**. Values labeled (1) are without radiative cascade effects. Values

labeled (2) include radiative cascades.

¢(Ry)

r line 190 250 400 300
n @ o @ O @ @O (@
3F  53.0 6.8 544 7.3 484 7.2 315 4.7
0.00 3G 588 50 56.8 57 480 6.5 299 5.1
3H -21.9 -11.7 -21.7 -9.4 -16.5 -2.6 -2.6 +6.0
3F 500 6.8 37.3 7.0 285 6.7 17.7 4.2
0.10 3G 55.3 50 435 56 33.6 6.3 206 4.9
3H -14.9 -11.5 -53 -84 -41 -2.9 2.9 424
3F 472 6.7 284 6.8 203 6.2 124 38
020 3G 522 50 354 55 262 62 160 4.7
3H -11.5 -11.4 -3.7 -7.7 -3.8 -3.0 -29 409
3F 406 6.7 166 6.1 110 52 6.7 3.0
050 3G 447 50 229 52 164 57 101 4.3
3H -7.1 -10.9 -26 -6.3 -3.6 -32 -29 -08

TABLE X. Collision strengths for An = 0 optically

sublevels with n = 2 in He-like barium.

allowed transitions between magnetic

¢(Ry) (Ry)

M; M, 1000 4500 22000 M; M, 1000 4500 22000

lo=23 33 58 lo=23 33 58

[5=50 100 190 [5=50 100 190

1-3 transition, AE (eV) = 89.9 1-5 transition, AE (eV) = 575

1 -1 9.10[-3] 6.57[3]  2.23[-3] 11 3.11[-3] 2.82[3]  2.23[-3]
10 56303 1.04[2]  1.59[-2] 10 1.70[-3] 2.50[-3]  4.42[-3]
11 5.26[8] 5.50[8]  2.95[-8] 11 473[5] 4.41[5]  2.29[-5]
0 -1 5.65[3] 1.04[2]  1.59[-2] 0 -1 1.62[3] 2.45[3]  4.42[-3]
0 0 89805 62305 @ 1.78-5] 0 0 175[-4] 1.08-4]  2.03[-5]
S 4.08[-2] 5.50[2]  6.80[-2] S 131[2] 157[2]  2.22[2]




TABLE XI. Comparison of collision strengths for excitation of He-like iron from the ground
level to specific magnetic sublevels M/ for various impact electron energies ¢(Ry). ¥ entries are
the total collision strengths. In each case upper, middle, and lower entries are with inclusion
of only the Coulomb interaction, Coulomb plus real part of the Breit interaction, and Coulomb

plus total Breit interaction, respectively. Note y[n] means y x 10™.

Excited e(Ry)

Level M] AFE(Ry) 550 700 900 1200 2000

1825 38, 0 48775 1.078]-4] 8.206]-5] 5.995[-5] 4.051]-5] 1.880[-5)

or 1.084[-4]  8.359(-5] 6.218[-5] 4.321[-5] 2.163[-5]

(181/2281 /21 1.084[-4] 8.358/-5] 6.218[-5] 4.320[-5] 2.163[-5]
1 1.078[-4] 8.206[-5] 5.995[-5] 4.051[-5] 1.881[-5]

1.072[-4] 8.247[-5] 6.105[-5] 4.206[-5] 2.061[-5]
1.073[-4] 8.248[-5] 6.106[-5] 4.207[-5] 2.061[-5]
Y 3.235[-4] 2.462[-4] 1.799[-4] 1.215[-4] 5.642[-5]
3.229[-4] 2.485[-4] 1.843[-4] 1.273[-4] 6.284[-5]
3.229[-4] 2.485[-4] 1.843[-4] 1.273[-4] 6.284[-5]

1s2p 3P, 0  490.04 2.264[-4] 2.677[-4] 3.185[-4] 3.781[-4] 4.729[-4]
or 2.191[-4] 2.553-4] 2.988[-4] 3.474[-4] 4.132[-4]
(181/92py 2)1 2.192[-4] 2.552[-4] 2.986[-4] 3.471[-4] 4.130[-4]

1 2.660[-4] 2.130[-4] 1.848[-4] 1.825[-4] 2.408[-4]

2.726[-4] 2.211[-4] 1.952[-4] 1.968[-4] 2.678[-4]
2.726[-4] 2.212[-4] 1.953[-4] 1.970[-4] 2.679[-4]
by 7.584[-4] 6.936[-4] 6.881[-4] 7.430[-4] 9.545[-4]
7.643[-4] 6.975-4] 6.892[-4] 7.411[-4] 9.489[-4]
7.643[-4] 6.975-4] 6.892[-4] T7.411[-4] 9.489[-4]

1s2p 1Py 0 49246 1.678[-3] 2.357[-3] 3.062[-3] 3.817[-3] 4.940[-3]
or 1.637[-3] 2.287[-3] 2.947[-3] 3.630[-3] 4.536[-3]
(151/22P3/2)1 1.634[-3] 2.284[-3] 2.943[-3] 3.626[-3] 4.533[-3]

1 4.194[-4] 6.095[-4] 8.788[-4] 1.288[-3] 2.304[-3]

4.146[-4] 6.114[-4] 8.946[-4] 1.332[-3] 2.445[-3]
4.160[-4] 6.132[-4] 8.966[-4] 1.334[-3] 2.447[-3]
b 2.517[-3] 3.576[-3] 4.820[-3] 6.394[-3] 9.547[-3]
2.466[-3] 3.510[-3] 4.736[-3] 6.295[-3] 9.426[-3]
2.466[-3] 3.510[-3] 4.736[-3] 6.295[-3] 9.426[-3]

1s2p 3P, 0  491.12 2.898[-4] 1.971[-4] 1.269[-4] 7.326[-5] 2.495[-5]
or 3.043[-4] 2.099[-4] 1.377[-4] 8.167]-5] 2.980[-5]
(181 /52Ps/2)2 3.040[-4] 2.097[-4] 1.375[-4] 8.162[-5] 2.979[-5]

1 2.360[-4] 1.603[-4] 1.035[-4] 6.022[-5] 2.114]-5]

2.377[-4] 1.624[-4] 1.057[-4] 6.227[-5] 2.276[-5]
2.375[-4] 1.623[-4] 1.056[-4] 6.225[-5] 2.275[-5]

2 7.429]-5] 4.983[-5] 3.309[-5] 2.104[-5] 9.689[-6]
7.453[-5] 5.052[-5] 3.404[-5] 2.213[-5] 1.089[-5]
7.483[-5] 5.071[-5] 3.415[-5] 2.219[-5] 1.090[-5]
) 9.103[-4] 6.173[-4] 4.000[-4] 2.358-4] 8.661[-5]
9.288[-4] 6.358[-4] 4.171[-4] 2.505[-4] 9.709[-5]
9.288[-4] 6.358[-4] 4.171[-4] 2.505[-4] 9.709[-5]




TABLE XII. The same as Table XI except the results are for He-like xenon (Z = 54) instead

of He-like iron (Z = 26) and higher impact electron energies are considered

Excited e(Ry)

Level M] AFE(Ry) 2400 3000 4000 6000 10000

1s2s 3S; 0 2214.6  3.084[-5] 2.425[-5] 1.716[-5] 9.917[-6] 4.559[-6]

or 3.312[-5] 2.718[5] 2.070[-5] 1.384[.5] 8.356]6]

(18112281 /2)1 3.306[-5] 2.713[-5] 2.066[-5] 1.382[-5] 8.345[-6]
1 3.085[-5] 2.428[-5] 1.720[-5] 9.969[-6] 4.612[-6]

3.358[-5] 2.777[-5] 2.140[-5] 1.473[-5] 9.866[-6]
3.376[-5] 2.791[-5] 2.150[-5] 1.478[-5] 9.886[-6]
by 9.255[-5] 7.280[-5] 5.157[-5] 2.986[-5] 1.378[-5]
1.003[-4] 8.272[-5] 6.350[-5] 4.331[-5] 2.809[-5]
1.006[-4] 8.296[-5] 6.366[-5] 4.339[-5] 2.812[-5]

1s2p 3P4 0 22204 1.309[-4] 1.767[-4] 2.426[-4] 3.436[-4] 4.877[-4]
or 1.245[-4] 1.584[-4] 2.027[-4] 2.568[-4] 3.016[-4]
(181/92p1 /2)1 1.238[-4] 1.571[-4] 2.007[-4] 2.546[-4] 2.995[-4]

1 8.201[-5] 8.168[-5] 9.230[-5] 1.310[-4] 2.266[-4]

9.394[-5] 9.645[-5] 1.141[-4] 1.737[-4] 3.278[-4]
9.447[-5] 9.730[-5] 1.153[-4] 1.751[-4] 3.292[-4]
Y 2.949[-4] 3.400[-4] 4.272[-4] 6.056[-4] 9.410[-4]
3.124[-4] 3.513[-4] 4.310[-4] 6.042[-4] 9.573[-4]
3.127[-4] 3.517[-4] 4.314[-4] 6.047[-4] 9.579[-4]

1s2p 'P, 0  2251.5 2.785[-4] 3.926[-4] 5.540[-4] 7.946[-4] 1.136[-3]
or 2.588[-4] 3.585-4] 4.897[-4] 6.550[-4] 8.123[-4]
(181/92P3/2)1 2.545[-4] 3.529[-4] 4.829[-4] 6.474[-4] 8.047[-4]

1 8.419[-5] 1.096[-4] 1.589[-4] 2.690[-4] 5.012[-4]

7.737[-5] 1.069[-4] 1.668[-4] 3.106[-4] 6.425[-4]
7.984[-5] 1.101[-4] 1.706[-4] 3.150[-4] 6.470[-4]
Y 4.469[-4] 6.119[-4] 8.717[-4] 1.333[-3] 2.138[-3]
4.135[-4] 5.723[-4] 8.233[-4] 1.276[-3] 2.097[-3]
4.142[-4] 5.731[-4] 8.241[-4] 1.277[-3] 2.099]-3]

1s2p 3P, 0 22489  6.709]-5] 4.724[-5] 2.874[-5] 1.317[-5] 4.392[-6]
or 8.316-5] 6.155(-5] 4.058[-5] 2.161[-5] 9.421[-6]
(151 /22Ps /o) 8.248[-5] 6.108[-5] 4.031[-5] 2.150[-5] 9.386[-6]

1 5.507[-5] 3.876[-5] 2.364[-5] 1.096[-5] 3.777[-6]

5.873[-5] 4.272[-5] 2.755[-5] 1.446[-5] 6.836[-6]
5.841[-5] 4.250[-5] 2.743[-5] 1.442[-5] 6.827[-6]

2 1.866[-5] 1.298[-5] 8.078[-6] 4.180[-6] 1.867[-6]
1.936[-5] 1.409[-5] 9.604[-6] 6.242[-6] 4.986[-6]
2.007[-5] 1.458[-5] 9.879[-6] 6.352[-6] 5.015[-6]
% 2.146[-4] 1.507[-4] 9.219[-5] 4.345[-5] 1.568[-5]
2.393[-4] 1.752[-4] 1.149[-4] 6.302[-5] 3.307[-5]
2.394[-4] 1.752[-4] 1.149[-4] 6.304[-5] 3.307[-5]




TABLE XIII. Comparison between the measured (ogg) and calculated electron-impact excita-

tion cross section. The calculated values are based on a distorted-wave approach [4]. Relativis-

tic effects certainly play an important role in the interaction between the 112-eV beam electron

and the highly charged xenon ion as seen in the large difference between the non-relativistic

calculations, opon_rel, and the relativistic calculations, op. Additionally, the impact of the

Breit interaction between the free and bound electrons is significant in the excitation process

of the heliumlike xenon. Thus, agreement between the measured and calculated cross section

values can only be found when the Breit interaction, i.e., the Generalized Breit Interaction [26,

27], is included in the calculations, oggr.

line OEE Onon—rel  Orel  OGBI
barn barn barn  barn

Ly-ay 8.6 + 1.5 8.256 8.109
Ly-as3 82+ 34 6.541 6.787
w 7.0 £ 2.0 21.64 17.45 8.364

y 3.9+ 1.5 0.127 7.313 3.842

7 1.08 £ 0.48 0.123 0.172 0.152




Measurement of the Polarization

of the K32 Line of heliumlike V?'*
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Abstract

We have measured the polarization of the intercombination line 1s3p 3P; - 1s? 1Sy,
the so called K32 line, in heliumlike V2'* using two Bragg crystal spectrometers. The
ions were excited in the Lawrence Livermore National Laboratory electron beam ion
trap. We find values which are not significantly different from theoretical predictions
based on some admixing of the initial state by the hyperfine interaction. In this short

paper we present our results.

1. Introduction

Interest in polarization measurements is increasing as polarization spectroscopy is rapidly
becoming the standard technique for determining the existence of directed electron beams in
laboratory as well as in astrophysical plasmas. The Lawrence Livermore National Laboratory
(LLNL) electron beam ion trap EBIT-II facility uses a unidirectional, nearly monoenergetic
electron beam to ionize, trap and excite ions. Various electron-ion interactions are inves-
tigated by looking at x-ray emission from the trap in a direction that is perpendicular to
the electron beam. In EBIT-II, photon emission is anisotropic and the emitted photons are
polarized [1], since the electron beam imposes a directionality on the emission process. The

Livermore high resolution spectrometers [2] use Bragg crystals to disperse the x-rays and



these crystals have reflectivities which are polarization dependent. For this reason, measured
intensities of x-rays produced in an electron beam ion trap must be corrected for polarization
[3]. In most cases we use theoretical values for the polarizations of lines whose intensities we
wish to correct. The polarizations are calculated using partial cross sections for excitation

into magnetic sublevels ,,. Thus for E1 transitions the polarization is calculated from

01— 0o

P=-

(1)

o1+ 09
We have used the Zhang, Sampson, and Clark [4] code which uses a distorted wave approx-
iamation (DWA) to calculate o,,. These calculations show that for V*'* ions at electron
energies near the K31 excitation threshold of 6118.3 eV the polarization of the K41 line
is 0.61 [5], and that this value remains nearly constant for energies up to several hundred
eV above threshold. This theory also predicts the polarization of the K32 line to be -0.37
for near-threshold excitation. However, experimental measurements described in Ref. [1],
found the polarization of the K32 line of Sc'* to have a value near zero. Since Sc and V
are adjacent odd-Z nuclei, we expect the polarization of the K32 line of V?'* to be near zero
also. This is because the vanadium nucleus, like the scandium nucleus, has a nuclear spin of
7/2, and the hyperfine interaction is expected to cause admixing of the upper levels of the
intercombination lines of He-like ions of these elements with other levels, and therefore to
change the polarization of these lines to near-zero values [1]. The hyperfine interaction does
not seem to cause any admixing of the upper levels of the of the resonance lines of these
ions, the polarizations of the resonance lines are not affected by the hyperfine interaction.

We define the polarization of an x-ray line emitted at ¥ = 90° to the electron beam as

_ 1y(90°) — 1.(90°)

= o)+ 1. o0)

(2)

where [jand I are the intensities of the x-rays polarized parallel and perpendicular to the

electron beam, respectively. The actual intensity observed by a spectrometer is given by

1 = Ry1j(90°) + R 1,(90°). (3)



Here, i) and R, are the integrated reflectivities of the crystal for x-rays polarized parallel
and perpendicular to the plane of dispersion. The ratio R = R, /R)| depends on the Bragg
angle @ at which the crystal is set. R varies from cos?(26) for mosaic crystals to |cos(26)]
for an ideal crystal. Values of R have been tabulated by Henke, Gullickson, and Davis [6].
The two crystal method for measuring polarization has been described elsewhere [7]. The
ratio of the intensities of two lines, K1 and K32 measured by two crystals, say Si and LiF

are given by

12 | [ﬁ-I-RSi]i )
I I Rl
and

2 72
o = 2 5)
T Ry

where we have assumed that the two lines are close to each other and that R is the same for
the Bragg angles spanned by the two lines. We combine the equations 2, 4, and 5 to obtain

an expression for the polarization Py of K32 in terms the polarization Py K31,

P, = g Jsi (1 + Rsijzpr) (Reas +1) — y o lbis (1 + Rpig =2 157, P (Rsi +1) -
" Jsi (1 + RSll+P J(Rrip —1) = g lLis (1 + RLU‘ 1+P, )(Rsl )

We have used the values Ry;; ~ 0 and Rg; =0.44, these values are appropriate for an ideal

crystals.

2. Measurement and Result

We have used the LLNL EBIT-II electron beam ion trap to measure the polarization of the
K32 line emitted by heliumlike V2'*.  The electron beam energy was initally set at 8 kV
for a few milliseconds to produce mainly the heliumlike charge state. It was then switched
to 6.6 kV to excite the K31 and K32 lines directly. With this excitation energy (which is
just above threshold for direct excitation of K31), we expect that direct excitation is the

main mechanism for line formation, in particular we do not expect the upper levels of these



lines to be fed by cascades. The polarizations of the lines are therefore not expected to be
modified by cascades.

We have used two EBIT high-resolution spectrometers [2], which were configured in von
Hamos geometry, and which both had a plane of dispersion perpendicular to the electron
beam. For one spectrometer we used a LiF(220) crystal, with a 2d spacing of 2.848 A, bent
to a radius of 30 cm, and set at a nominal Bragg angle of 45°. This spectrometer had a
resolving power of A/AX = 2500. In this configuration, the spectrometer has zero quantum
efficiency for I, and the signal depends on I}, only. For the second spectrometer we used a
Si(220), which has a 2d spacing of 3.840 A, and was bent to a radius of 30 cm. This crystal
was set at a nominal Bragg angle of 31.6°, for a resolving power of A/AX = 2500. Figure 1
shows the spectra accumulated by the two spectrometers over the same period of time. The
intensities of the lines recorded by the LiF(220) spectrometer at a Bragg angle of 45°, are
much lower than those recorded by the Si(220) spectrometer. Part of the reason for this is
that the former crystal has zero reflectivity for x-rays that polarized perpendicular to the
electron beam.

For each spectrum, we have fitted the lines to Gaussian profiles to obtain relative inten-
sities. We inserted the fitted intensities into Eq. 6 and use the theoretical value of 0.61 for
the polarization of K#1. As a result, we find a polarization of -0.1 £ 0.2 for the K32 line.
The errors in this result come from the fitting procedure, and also from taking into account
some perpendicular motion for EBIT electrons. The result is consistent with the expectation
that the polarization of the K32 line nearly vanishes because of the hyperfine interaction
admixing the upper level of the intercombination line with other levels. The measured value
is not consistent with the value of -0.37 predicted by the DWA to be the polarization of the

K32 line in the absence of the hyperfine interaction.
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Fig. 1. K spectra of heliumlike V?'* excited in the Lawrence Livermore National Laboratory

electron beam ion trap EBIT-II. The upper spectrum was accumulated with a Si(220) crystal set

at a nominal Bragg angle of 31.63°, while the lower spectrum was obtained with a Lil'(220) crystal

set at a nominal Bragg angle of 45°.



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 thels2 ® 1s2p(1lP1) 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:(Oo' 01)/(00-|_01) J (1)

where Spand Sj 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=-3Bg/(4-Bp), (2)
where

Bo=(S32-S1/2)/ (S3;2+ S1/2) - (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 lons. (Infinite Z values

from Ref. 1). X s the incident electron energy in threshold units.

Non-Relativistic

2 53.80 53.66 53.62 5356 5297 5347 5351 534

4 35.73 35.36 3544 3542 36.06 3526 3525 353

5 28.96 2895 2893 2897 27.09 28.87 2881 287
Relativistic

2 52.44 53.81 53.81 53.87 54.23 5431 5340 534*
4 3451 37.82 37.85 3887 41.37 46.07 47.43 353
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 ® 1sq1/2 linein H-Like lons. (Infinite Z values from Ref. :

have been multiplied by 1.5 as explained in text.) X is the incident electron energy in thresholc

units.

X Si A Ti Mo Ba Au U Z=¥

Non-Relativistic

2 3383 33.84 3387 3387 33.79 33.80 33.83 312
4 1969 19.69 19.66 19.69 19.67 19.71 19.63 19.3
5 1552 15.63 1556 1559 1557 15.62 15.69 15.6

Relativistic

2 3393 34.04 34.18 3510 3598 3837 3855 31.2*

4 1993 20.21 20.76 22.14 23.92 27.29 29.31 193

5 1584 16.17 16.49 1857 20.60 23.58 26.76 15.6

* The infinite Z values shown here are nonrelativistic values.



Measurement of the relative intensity of the Ly-« lines in Fe?*

K. L. Wong, P. Beiersdorfer, K. J. Reed, and A. .. Osterheld
Lawrence Livermore National Laboratory,

University of California, Livermore, California 94550

The intensity of the polarized Ly-ai (2p3/;—181/,) transition has been
measured relative to that of the unpolarized Ly-ay (2py/;—+1s;/2) transition
in Fe?T, The measurements were made with the Livermore electron beam
ion trap EBIT-II for beam energies from threshold to 2.5 times threshold.
The results are compared to the corresponding intensity ratio predicted us-
ing excitation cross sections from distorted-wave calculations, which includes
polarization, the M1 (2s; ,—+18; ;) transition, and cascade contributions. Dis-
crepancies are found that tend to confirm recent a recent report of a measure-

21+

ment of the Ly-« lines in Ti performed on the Tokyo electron beam ion

trap.

I. INTRODUCTION

X-ray polarization is predicted to occur whenever ions collide with non-Maxwellian elec-
tron velocity distributions. It has been used as a diagnostic to study bremsstrahlung from
a vacuum spark plasma [1], laser-produced plasmas [2], and solar flares [3—6]. Of particular
interest has been the ratio of Ly-a; (2p1/2—1s1/2) and Ly-a; (2psj2—1s1/2), which is labeled
“B” by solar physicists [7]. The reason is that this ratio is thought to be well understood
and essentially constant as a function of electron temperature. Moreover, one of the two
lines, Ly-ay, is always unpolarized. Hence deviations from the predicted ratio of B is taken
as evidence for polarization of Ly-ay, and thus for the excitation of the ions by electrons in
a beam.

21+ was reported by Nakamura et al. [8]. The

A very recent measurement of B in Ti
measurement was performed on the Tokyo electron beam ion trap facility. It showed that
B did not agree with predictions even if polarization effects are taken into account. This
was taken to be evidence that the calculated polarization values are inconsistent with the

experiment by as much as 50%, casting doubt on the accuracy of the calculations.

In this paper we present a measurement of the Ly-a, transition relative to the Ly-a;



transition in hydrogenlike iron using the Livermore EBIT-II electron beam ion trap. We
show that B disagrees in a similar way from theory as the Tokyo result, albeit to a smaller

extent if radiative cascades are properly taken into account.

II. POLARIZATION EFFECTS

Polarization has two effects on the x rays we measure: (1) since we measure x rays
at 90° to the electron beam our detectors and spectrometers are sensitive to the angular
distribution of the x rays, and (2) our crystal spectrometer acts as a polarimeter, which
preferentially detects x rays polarized perpendicular to the plane of dispersion.

For electric dipole radiation, i.e., the primary type we study in this paper, the expression

for the x-ray intensity at 90°, I(90°), and the average over the 47 solid angle, (1), is [9]

3
1(90°) = ——(I). 1
(90°) = (1) ()
P is defined as the linear polarization and is given by
Iy —1
= (2)
I+ 1,

where ) and 7, are the intensities of the x-ray emission components with electric field

vectors parallel and perpendicular electron beam, respectively, and

[H—I‘[J_ :](900). (3)

[meas

The x-ray intensity measured with our crystal spectrometer is

[meaS:R||[||+RJ_[J_7 (4)

where R and R, are the integrated reflectivities of the crystal for x rays polarized parallel
and perpendicular to the electron beam, which were provided by Gullikson [10].

Combining Eqs. (1)-(4), the intensity ratio we measure for two electric dipole x-ray lines
is related to their 47 average by the expression

[{neas _ Wl <[1>
[5neas W2 <[2 > ?

(5)

where we define W to be

W, (A (LRI RO-R) (=ry

Wo  Ro(P)AAP) {14 P+ 5(1—py | \3-P
I



The terms R(P) and A(P) represent the reflectivity and angular distribution terms, repec-

tively. The values for % are less than 1. Therefore, positive polarization enhances and

negative polarization decreases the intensity of an x-ray line relative to an unpolarized line.

I1I. EXPERIMENT

EBIT-II consists of a series of three drift tubes [11,12]. It uses an electron beam (<
150 mA) to generate, trap, and excite highly charged ions. Low charged ions are injected
into the trap from the MeVVA ion source [13], while gases are ballistically injected through
the side ports. The ions are trapped radially by the electron beam that is compressed to
a radius of roughly 30-um by a 3-Tesla magnet. They are trapped axially by the two end
drift tubes, which are biased positive with respect to the center drift tube.

The x rays generated by the electron-ion collisions are recorded with EBIT-II’s curved
crystal Bragg spectrometer in the von Hamos geometry [14]. In our experiment we used a
LiF(200) crystal with a lattice spacing of 2d = 4.027 A. The crystal was bent to a radius of
curvature of 30 cm. The resolving power of the setup is AA/A &~ 1500. The spectrometer
was set to a nominal Bragg angle of 26.8° which corresponds to a wavelength of 1.81 A.
The total wavelength covered was 1.77 A < XA < 1.88 A which contains the hydrogenlike
transitions Ly-a; (2ps/a—1sy/2) at 1.7780 A and Ly-ay (2p1j2—1s1/2) at 1.7834 A [15]. A

typical x-ray spectrum taken with the electron beam energy set to 15 keV is shown in Fig. 1.
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FIG. 1. Direct excitation x-ray spectrum of Fe?>* measured with a
Bragg crystal spectrometer at an electron beam energy of 15 keV show-

ing Ly-a; and Ly-as.



The Ly-ay intensity has a contribution from an M1 (2s1/2—>1$1/2) transition, which cannot
be resolved from the Ly-ay x ray. The separation between the two transitions in iron is a mere
0.03 eV. The 2s;/, upper level decays 10% of the time by M1 (magnetic dipole) radiation
and 90% of the time by two photon decays [16]. Therefore, the M1 transition results in an
x ray which blends with and adds to the effective intensity of Ly-as.

We have measured Ly-a; and Ly-aq in iron as a function of electron beam energy for
energies near the excitation threshold of Ly-ay at 7.1 keV to 18 keV. The measurements for
energies from 10 to 18 keV were made in steady-state at one beam energy, and recording a
spectrum of approximately 250 counts in Ly-ay and 500 counts in Ly-aq typically lasted 50
min. However, the measurements made below 8.828 keV, which is the ionization potential
for producing hydrogenlike iron, are made by taking advantage of electron beam ion trap’s
ability to alternate the electron beam accelerating voltage (5 kV/ms) from one value to
another and back. This feature allows us to create the ionization balance at, e.g., 15 keV
and to probe the hydrogenlike transitions at energies below 8.828 keV. These spectra took
roughly 6 hours each to acquire. The excitation energies of Ly-ay and Ly-aq in iron are
6.952 keV and 6.973 keV, repectively.

We compare the experimental intensities of Ly-ay and Ly-aq with those predicted at 90°

to the electron beam direction. For Ly-ay and Ly-aq, the predicted x-ray intensities are:

[Ly—oz2 - %(ULy—aQ + 0-10M1)nHWLy—a2G7 (7)

Je
[Ly—ozl = zULy—alnHWLy—a1G7 (8)

where j. is the effective current density, e is the charge of the electron, ory_n2, oM, and
OLy—a1 are excitation cross sections calculated with the distorted-wave code of Zhang et
al. [17], nyg is the number densities of ground-state hydrogenlike ions, and G is the solid
angle subtended by the spectrometer. W, which we derived in the last section, accounts for
the angular distribution of the x rays, their linear polarization, and the reflectivity of the
LiF(200) crystal. P=0 for Ly-ay plus the M1 contribution (J=1/2—1/2 transitions). The
polarization for Ly-ay is given by:

_ 3(N1/2 — N3/2) (9)
3N5p2 4+ 5Ny’

where V;; and N3/, are the magnetic sublevel populations. This formula was derived by Inal

and Dubau [18] for ions excited by an electron beam. It was derived for the lithiumlike line



q (1525(°S)2p *P3jo — 15%2s 251 /3), which is analogous to Ly-ay for hydrogenlike ions, for
x rays observed at 90° to the electron beam. Line ¢ and Ly-a; are both E1 (elecric dipole),
J=3/2—1/2 transitions. Because the magnetic sublevel populations are energy dependent,
the theoretical value P for Ly-ay varies from 0.363 near the excitation threshold of the Ly-a
lines at 7.025 keV to 0.250 at 20 keV; the corresponding variation of Wiy_,; is from 1.99 to
1.86.

IV. RESULTS

The observed value of B, i.e., the ratio of Ly-a; to Ly-ay, is shown in Fig. 2. The error
bars shown reflect the uncertainties associated with determining the relative line intensities
given that the two lines are not fully resolved in the observations because of the Lorenztian-

shaped wings at the base of each line.
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FIG. 2. Dependence of the measured Ly-a; to Ly-a; ratio on beam
energy. Theoretical predictions based on direct electron-impact excita-
tion with and without including the 2s — 1s magnetic dipole transition
are shown as dashed and solid lines, respectively. The predictions do

not include polarization effects.

Also shown in Fig. 2 is the ratio of B that results from direct electron-impact excitation
of the 2p, /; and 2ps/, of the 1s ground state. From statistical considerations, i.e., excitation
toa j = 3/2 versus a j = 1/2 electron, we expect this ratio to be 0.50. It is slightly higher
due to relativistic effects. No polarization effects are accounted for in this prediction. The
theoretical ratio is even larger when adding the contribution of the unresolved 2s — 1s
magnetic dipole transition, which enhances the effective intensity of the Ly-a; line. Figure

2 shows that the measured value of B is clearly smaller than the predicted values without



polarization.

In Fig. 3 we add polarization effects to the theoretical B ratio. The positive polarization
of Ly-a; enhances the intensity relative to Ly-ay (and the 2srightarrowls contribution)
resulting in a smaller value of B. We calculated that B changes by only 4% when the
reflectivity of the crystal, %, is varied by 25% between the upper (0.675) and lower (0.525)
limits. The value we use in the calculations is 0.606. The figure shows that now the measured

values of B are larger than predicted.
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FIG. 3. Comparison of the measured Ly-ag to Ly-aq ratio with theo-

retical predictions based on direct electron-impact excitation, including

the 2s — 1s magnetic dipole transition, and polarization effects.

This is the same result Nakamura et al. [8] found in their analysis of the Lyman lines
of Ti?'*, Clearly, if the polarization of Ly-a; was only two-thirds of the predicted values,
the theoretical B ratios would have passed through the observations. This is exactly what
Nakamura et al. [8] found.

This is however not the end of the story. The lines are not only excited by direct electron-
impact collisions. They are also fed by radiative cascades and radiative recombination of
beam electrons with bare ions. These effects were studied by Nakamura et al. and found not
to change the results significantly. We agree that these effects do not significantly change the
predicted unpolarized B value. However, radiative cascades have the effect of depolarizing
Ly-a; by about 10We have included cascades from levels up to n=5. The primary cascade
contributions to Ly-ay and Ly-a; come from the n=3 levels, while the M1 transition has
contributions from n=2, 3, 4, and 5. For example, at an electron beam energy of 12.5 keV
cascades are predicted to contribute 7%, 15.8%), and 6.3% to the observed intensity of Ly-as,
M1, and Ly-aq, respectively.

The comparison of the theoretical ratios including radiative cascades with the observa-



tions are shown in Fig. 4. The agreement between theory and measurement is improved,

but still not perfect.
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FIG. 4. Comparison of the measured Ly-ag to Ly-a; ratio with theo-

retical predictions based on direct electron-impact excitation, radiative
cascades from levels n < 5, blending with the 2s — 1s magnetic dipole

transition, and polarization effects.
V. CONCLUSION

We have measured the ratio of Ly-ay and Ly-a; as a function of electron beam energy
from threshold to 2.5 times threshold. The results are compared to theoretical predictions
of B, which includes the polarization, the M1 contributions, and cascades. We find that
the measured value of B is larger than predicted. If the polarization of Ly-ay was about 20
% less than predicted, good agreement would have been achieved. Our results that agree
qualitatively with those obtained by Nakamura et al. [8], who studied the Lyman lines in
hydrogenlike titanium.
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Effect of polarization on the measur ements of electron impact excitation

cross-section of L-shell Fein an electron beam ion sour ce
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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 el ectron 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 a 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 microcal orimeter, the effects of polarization on

the measurements are analyzed quantitatively to demonstrate the importance of such effects.



2. Experimental measur ement

Our experiments were carried out on the EBIT-II device (Levine et al. 1988). The instrument setup is

shownin Figure 1.

GSFC MicroCalorimeter
F00 eV - 10,000V

Vacuum Flal Crystal CCD Camera

Spectrometer (#-25 A 1)

Grazing incidence
Spectrometer (10-400 4)

vonr Hdmos-tvpe
Curved Crystal
Spectrometer

(1-54) Vacuwm Filat Crystal

Spectrometer (4-25 A)

Figure 1: Instrumental setup at EBIT-II. Flat crystal spectrometers and

microcalorimeter are used for the measurements discussed in this paper.
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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—> 231/2), Li5 (3p1/2—>251/2), 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 a50 mm ~ 25 mm ™ 25 mm thallium acid
phthalate crystal at a 26 degree Bragg angle, giving a wavelength coverage from 9.5 A to 12 A (09 - 1.2
keV). It had aresolving power of 385 (FWHM of 2.6 €V 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-1I 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-1I (Brown et al. 1999a) and the PL T tokamak (Wargelin et al. 1998).
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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)T]EIETEIE EIEV (E)O’L(l’)n (r)d r (1)

In the case of the micro-calorimeter measurements, G represents the effects of the angular distribution of
the polarized radiation, 1 is the quantum efficiency of the detector, and T isthefilter transmission. o isthe
EIE cross section and v the impact electron velocity. The integral of the electron density n, and ion density
n; is over the emitting volume seen by each instrument. For the micro-calorimeter, G = 3/(3 - P) for
eectric-dipole transition where P is the degree of linear polarization (Beiersdorfer et a, 1996). Among all
the parameters, we experimentally measure |, ), and T. The polarization P was cal culated using the code of

Zhang, Sampson & Clark (1990). We aso 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):
__1-3E/2E

P=P

T — 2
°1- P E.[2E @

Where P, is the polarization parameter for an ideal unidirectional beam, E. is the transverse energy of the

actual beam while E isthe 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:
RR _ 2 ~RR RR—-RR_RR N 3
1™ =a G (B T o v, (E)on, (rn,(r)d’r ®
i

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 2s%y,
(J=0), 2s122p12 (J=0, J=1), 25122ps2 (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:

o ~RR_RRTRR _RR
aCBjTh Tj O | EIE

EIE _ j

o = R 4)

’

G EIEY] EIET EIE

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:

EIET EIE,. EIE
EIE _ Gx T My eE
I, = Ax |

EIELEIE_EIE 'c
GC TC nc

®)

Subscript ¢ 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):

G = % R”g1+P)) +&(1- P)g ©

R, 23- P



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 15°3py,® 15725y, and 15°3ps® 15°2sy,, 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.
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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 Bel, Lil 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=P,, 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.
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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.
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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).

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.
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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)

5)

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 al the lines we measured.

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.
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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.
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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.
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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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Measurement of the electron cyclotron energy component of the
EBIT-II electron beam
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We used measurements of the linear polarization of the K-shell x-ray lines

emitted from heliumlike Mg!0+

ions to determine the energy component asso-
ciated with the cyclotron motion of the beam electrons in the EBIT-II electron
beam ion trap. The average line polarization was found to be reduced by
about 20% from its nominal value. From this we inferred that the electron
cyclotron motion accounted for 190 4+ 30 eV of the total electron beam en-
ergy. The measured value is in good agreement with the predictions of optical

electron beam propagation.

I. INTRODUCTION

The electron beam ion trap utilizes a magnetically compressed electron beam to produce,
trap, and study essentially any ion from any element of choice [1-3]. Radial slots allow direct,
line-of-sight access to the interaction region between the trapped ions and the electron
beam. By measuring the radiation produced by the ions excited by the electron beam, cross
section determinations for a variety of atomic processes have been possible. Examples are
measurements of excitation [4-7], ionization [8,9], and dielectronic recombination [10-15]
cross sections.

The use of an electron beam interacting with quasi-stationary ions means that the emit-
ted radiation generally is both anisotropic and polarized [16,17]. As a result, the intensity of
a given emission feature from a beam-excited ion depends on the observation angle relative
to the axis defined by the electron beam. It also depends on whether or not the emission is
analyzed with polarization-sensitive instrumentation.

Adjustments for polarization effects in electron beam ion trap experiments are not with-
out complications. One reason is that a given electron in the electron beam does not simply
travel in the direction of beam propagation. Its path instead traces out a helix, as it spirals
around the magnetic field lines aligned with the beam propagation axis. lons, therefore,
interact with electrons with velocity vectors that deviate from that of the beam direction.
The net result is that the amount of polarization is reduced from what it would be, if all
electrons were truly following a straight line along the magnetic field direction.

The amount of depolarization depends on the pitch angle of the electron motion, i.e.,
on the angle v between the magnetic field line and electron’s velocity vector. This angle is

tDeceased



determined by the ratio of the electron’s velocity component along the magnetic field line
and that perpendicular:

tany = oL (1)
Y]]
or,
Ion
. 2 — 2
S Ebeam ( )

where Fpeqp, 1s the beam energy and E is the electron energy in the motion perpendicular
to the beam propagation direction. A simple expression that describes the reduction in the
polarization of the emitted radiation as a function of the pitch angly was recently given
by Gu, Savin, and Beiersdorfer [19]. For electric dipole radiation they showed that the
polarization P is reduced to

c 2

p=pi Sy (3)
2 —siny*Fy

Here P, is the polarization for a zero pitch angle.

The perpendicular velocity component can be estimated from several considerations.
Using the Herrmann theory of optical electron beam propagation we estimated 110 eV for
the value of K, in Livermore’s EBIT-II electron beam ion trap [20]. Independently, Takécs
et al. estimated a value of 700 eV for the NIST electron beam ion trap using the theory
of rigid beam rotation [21]. They estimated an even higher value (< 1000 eV) based on the
principle of adiabatic magnetic flux invariance.

The large spread in estimates clearly make a measurement of the perpendicular energy
component highly desirable in order to discriminate among the models. In the following
we employ the techniques of plasma polarization spectroscopy for determining F;. Plasma
polarization spectroscopy has already been applied to tokamak, solar, and laser-produced
plasmas for determining non-equilibrium components of the electron distribution function
[25-27]. Our measurement favors the prediction based on the Herrmann theory of optical
electron beam propagation, giving a value of 190 £ 30 eV for F,.

II. EXPERIMENT

The measurement is carried out on the EBIT-II electron beam ion trap using the vacuum
flat-crystal spectrometer described in [28]. The instrument is mounted on one of six ports
viewing the ions in the trap in the direction perpendicular to the beam. The plane of
dispersion is parallel to the plane perpendicular to the beam direction, as illustrated in
Fig. 1. The opening angle of the detector in the vertical direction is less than 0.8°. This
is sufficiently small as to provide a reliable sample of radiation emitted at 90° to the beam
propagation direction.
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FIG. 1. Layout of the flat-crystal spectrometer on the EBIT-II electron
beam in trap. lons are produced and trapped in a 2-cm long region
between the superconducting Helmholtz coils. The ions are excited by an
electron beam propagating between the electron gun and the collector.
X rays are monitored via the radial ports in the vacuum vessel and
are analyzed and dispersed with the crystal spectrometer in the plane
perpendicular to the propagation direction of the electron beam.

The spectrometer utilizes a thallium-acid-phtalate crystal (TIAP) with a lattice spacing
2d = 25.76 A. This crystal is well suited to record the K-shell x-ray lines of heliumlike
spectrum Mg!'®+
around 9.25 A. In first order Bragg reflection, the observation angle is 21.4°. In second

and study the effect of polarization. The Mg!'®* spectrum is centered

order, the observation angle is 45.2°. In the latter position, only the emission component
with electric field vector parallel to the plane of the crystal (and parallel to the electron
beam propagation) is reflected and counted. In the former position, a mixture of both
polarization components are reflected and counted. The present measurement utilizes the
differences in the crystal response at these two Bragg angles to determine the polarization
of the observed lines. The present method is similar to the two-crystal method employed in
earlier measurements on the EBIT-11 and SuperEBIT electron beam ion traps [20,29-32].

The observed Mg!%* lines comprise the 1s2p 1P, — 1s% 1Sy resonance line, the blend
of the 1s2p *P; — 1s% 15 intercombination line and the 1s2p *P, — 1s? 1S; magnetic
quadrupole line, and the 1s2s 2S; — 1s% 1S forbidden line, which are commonly labeled w,
y, x, and z, respectively.

We have chosen the lines in heliumlike magnesium for determining the amount of depo-
larization because the polarization Py of these lines in the absence of depolarization effects
is well known from theory and experiment. The polarization of lines w and x is within a few
percent the same for all low- and mid-Z heliumlike ions at similar electron-collision energies
expressed in threshold units [33,34]. Within a few percent above excitation threshold the
polarization of w and z is Py(w) = 0.60 and Fy(x) = —0.52, respectively. The accuracy of
these calculations have been experimentally verified for several heliumlike ions [20,32,35].



The value of the polarization of x determines the value of the polarization of z. In
magnesium, the 1s2p P, upper level of z decays 93% of the time to the 1s2s 3S; upper

level of z. Following the expression derived in [20], the polarization Py(z) of z in terms of
the polarization Fo(x) of x is

PO z)= -+ . 4
) 31/5/7 — Po(z)(y/5/7 + k) @

The factor k is proportional to the fractional excitation of z by cascades from the 1s2p 3P,
level [20]. It was shown in [32] to depend only on the branching ratio 3, for radiative decay
of the 1s2p 3P, level to the 1s52s 25 level. For 8, = 0.93 [36] we find k = 0.377.

Another reason to pick heliumlike magnesium for determining the amount of depolar-
ization is that the atomic number of magnesium is low enough so that LS-coupling is valid.
This eliminates the uncertainty in ascertaining the polarization of line y, as the 1s2p *P;
upper level of y mixes only negligibly with the 1s2p ! P, upper lever of w. The polarization of
y, therefore, equals that of x, and the unresolved blend of y and x has the same polarization
as x or y alone.

The spectrum of the magnesium Ka transitions recorded with the TIAP crystal in first
order is shown in Fig. 2(a). The spectrum recorded in second order is shown in Fig. 2(b).
The second order spectrum has considerably higher resolution than the first order spectrum.
This is expected from the higher intrinsic resolving power of the crystal in second order Bragg
reflection and the fact that the resolving power increases with the tangent of the Bragg angle.
The data were accumulated at a beam energy that was about 50 eV above threshold for
direct excitation of the lines of interest, avoiding the above-threshold KMM resonances.
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FIG. 2. Crystal-spectrometer spectra of lines w, z, y, and z in Mg!'%+
excited by a 1400-eV electron beam. (a) spectrum obtained with a TIAP
crystal in first order reflection at a Bragg angle of 21°; (b) spectrum
obtained with the same crystal in second order reflection at a Bragg
angle of 45°.



I1I. ANALYSIS

The relative intensities of the heliumlike lines shown in Fig. 1 are clearly different in the
two spectra. To obtain a quantitative measure of the intensity of each feature we used least-
squares fits of different trial functions to the line: a single Gaussian, a double Gaussian,
a Lorenztian, and a mixture of a Lorentzian and a Gaussian trial function. The double
trial functions are used to fit the rather narrow peak and the rather wide base of the lower-
resolution spectrum obtained in first order Bragg reflection. The intensities determined from
the fits with these trial functions are listed in Table I.

The fits with the double trial functions gave much better fits then those with a single
function. The use of a Lorenztian function (either alone or in combination with a Gaussian)
was somewhat problematic, because the inherently broad tails are poorly constrained and
may readily lead to spurious results. This is true even if the residuals intimate an excellent fit.
Because of their extensive tails, the fits involving a Lorentzian function result in considerably
higher line intensities than using only Gaussian functions.

The intensities in Table I are used to infer the polarization of a given line relative to the
polarization of second line. As shown in [32], we can express the polarization P, of line a in
terms of the polarization P, of line b:

Bh(l+ Ry (Ry +1) — Lo(1 + Ry =) (R + 1)

p — 1+P, 1+Py ) (5)
Fh(U+ Rigm) (Re = 1) = Flo(1 4 Reggp) (R — 1)

Here 12/1" is the intensity ratio of lines @ and b. The subscripts refer to the order of Bragg
reflection in which the ratio is measured. R = R, /R is the ratio of the integrated crystal
reflectivities for x rays polarized perpendicular and parallel to the electron beam directions,
i.e., parallel and perpendicular to the plane of dispersion, respectively. Again, the subscripts
refer to the order of Bragg reflection. The values of R are taken from [37]: Ry = 0.605 and
Using the iterative procedure described in [32] and the fact that the polarization of z
is completely determined by the polarization of = (and thus of y), we can determine the
polarizations of all lines from the data in Table I. The results are given in Table II.

TABLE I. Intensities of the heliumlike lines w, z + vy, and z measured in first and second order
with a TIAP crystal obtained with different trail functions.

Line Single Gaussian Double Gaussian Lorentzian+Gaussian Single Lorenztian
1st 2nd 1st 2nd 1st 2nd 1st 2nd
w 2750 7672 2820 7814 3137 8331 3168 8586
x+y 708 1066 707 991 679 1078 679 1168

zZ 1487 2724 1567 2830 1720 3069 1761 3230




TABLE II. Polarization inferred from the data in Table I. Also listed are the polarization values
for an electron beam without a perpendicular component of electron motion.

Line Single Gaussian Double Gaussian Lorentzian+Gaussian  Single Lorenztian  Theory

w 0.46 0.55 0.61 0.64 0.614
X+y -0.40 -0.37 -0.205 -0.13 -0.519
zZ -0.15 -0.14 -0.083 -0.055 -0.185

The polarization values inferred from the four different fitting procedures show interesting
trends. The inferred polarization of w increases from P = 0.46 to P = 0.64 when considering
the single and double Gaussian fits, the Gauss-Lorentzian fit, and the single Lorentzian fit.
The value inferred from the Lorentzian fit is larger than that predicted by theory, and thus is
unphysically large. Similarly, the inferred polarizations of the blend of the intercombination
lines x and y steadily increase from P = —0.40 inferred from the single-Gaussian fit to
P = —0.13 inferred from the single Lorentzian fit. The inferred polarizations of the forbidden
line z steadily increase from P = —0.15 to P = —0.055. The result is that the fits involving
a Lorentzian function show a strong depolarization of lines x, y, and z, while they show
that line w experiences no depolarization or even an increase in its polarization value. The
results inferred from fits involving Lorenztian functions are, thus, highly contradictory. By
contrast, the polarization values derived from fitting Gaussian functions to the data are
self-consistent. All three line features show similar amounts of depolarization.

By comparing the polarization values inferred from the line intensities in Tabel I to those
predicted by theory (listed in the last column of Table I1), we can determine the amount of
depolarization and thus F,. Solving Eq. (3) for £, , we get

2P — P)

EL= o Epum, 6
T RB-P) " (6)

where 1 refers to lines w, = + y, and z. The resulting values are listed in Table III.

TABLE III. Values of F| inferred from the data in Table II.

Line Single Gaussian Double Gaussian Lorentzian+Gaussian Single Lorenztian
eV eV eV eV
w 277 100 4 -35
x+y 165 229 956 1920

zZ 154 217 931 1880




The internal inconsistency of the data inferred from the Lorentzian fits is even better
seen in when looking at the E; values listed in Table I1I: The E; values derived for w
range from a non-physical —35 eV to +4 eV; those derived for the other features range from
+931 to +1920 eV. These inconsistencies arise from the poor constraint on the wide wings
afforded by the Lorentzian trial function.

By contrast the Gaussian fits give £, values that range from 100 to 277 eV for w, and
from 154 to 229 €V for the three triplet lines. The results are plotted in Fig. 3. These results
are clearly consistent with each other. In fact, the results strongly suggest that a fitting
function might exist for which all three features yield the same value of £,. The average

value of F| i1s 190 £ 30 eV.
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FIG. 3. Dependence of the linear x-ray polarization of lines w, z, vy,
and z of Mg!%t on the size of the electron energy component perpendic-
ular to the beam propagation direction. The total beam energy is set
to 1400 eV. Measured values are shown for spectral data analyzed with
single Gaussian (solid symbols) and double Gaussian (open symbols)
trial function fits.

IV. DISCUSSION

Our result of £, = 190 £ 30 €V is in agreement with the predictions of the optical
approach by Herrmann [38]. Herrmann showed that cathode images are formed at various
locations along the beam axis, whereby the magnitude of the transverse velocity is inversely
proportional to the radii of the images. This means that the product of beam area and
tranverse electron energy F, is a constant. £, can thus be estimated from the temperature
of the cathode of the electron gun and the areal compression ratio of the beam. The gun



temperature is about 1400 K (0.123 €V), and the beam radius at the cathode is about 1 mm.
The beam is compressed to about 25 ym in the trap. Using these values, we obtain £, = 194
eV, in full agreement with our measurements. These values, however, are only estimates;
they are not well known. But the answer shows that consistency with our measurements
can readily be achieved. The temperature of the filament may vary between 1000 to 1600
K, depending on the filament heating current. Similarly, the radius of the electron beam
may vary between 25 to 35 pm, depending on such parameters as the beam current and
bucking coil setting. As a result, the value of K| predicted by the Herrmann theory may
vary between 50 to 250 eV. The estimate of 110 eV provided in [20] falls well within this
range.

Our measured value does not agree with the 700-eV prediction provided by the rigid
rotator approach employed by Takacs et al. to describe the electron beam ion trap at NIST
[21]. The rigid rotator approach assumes a uniform electron density within a cylindrical
volume [39]. Such an idealized situation is not realized in an electron beam ion trap. Not
only are there gradients in the radial electron density, there are strong gradients along
the electron beam direction. The magnetic field of the Helmholtz coils is uniform only
throughout a relatively small length within the trap region (about 4 c¢cm). The magnetic
field, and thus the beam radius and electron density, are highly nonuniform for remaining
> 95% of the beam path. There is no reason why the rigid rotor model should be applicable,
and our measurements bear this out. The strong magnetic field gradients (from essentially
zero field at the gun to 30,000 gauss in the trap) that are traversed by fast moving electrons
also invalidate applicability of the principle of adiabatic magnetic flux invariance.

Our measurements provide strong support for the optical beam transport theory derived
by Herrmann [38]. This is comforting, as the Herrmann theory was used as one of the
underlying principles in the design the electron beam ion trap [1]. The Herrmann theory
yields a good upper bound of the energy in the electron cyclotron motion, and thus provides
an upper bound on the amount of depolarization of the emitted radiation.
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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
MYV, 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 aE30°) 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.
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B 77 Anode

20 mm

Fom = Cathode

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.
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Fig.2. Experimental setup for polarization measurements.

Polarization-sensitive experiments on x-pinch plasmas were performed at the NTF in May-
August 2000. The polarization-dependent spectra of Ka 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 A) convex crystal spectrometers. The LiF crystal has a spacing corresponding to the
nominal Bragg angle of 40° at the wavelength of 2.6 A: the Ti lines most likely to be polarized
with | close to or above 2.6 A 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.



Shot 36 (07/12/00)

Shot 38 (07/18/00) Shot 39 (07/19/00)

Shot 41 (07/26/00)

Shot 47 (08/16/00) Shot 48 (08/17/00)

Fig. 3. NTF time-integrated x-ray pinhole camera images of
Ti x-pinches (shots 36-41, 47 and 48).



The diameter of Ti wires was 30 m(for the shots 36-41), 76.2 m(for the shot 47), and 152.4 m(for
the shot 48). The left image in each picture was recorded through the filter providing the maximum

of radiation with | 1,190 < 2.6 A, whereas the center and the right side images were recorded through

the filter providing the maximum of radiation with | 1,19 <7.9 A and | 1,19 <5 A, respectively. Fig. 3
shows that a x-pinch is a small, almost point source of radiation with | £ 2.6 A, 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 K, 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].
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Fig. 4. Polarization-sensitive Ti x-pinch spectra (shot 47).
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Fig. 5. Polarization-sensitive Ti x-pinch spectra (shot 38).

Typical polarization-sensitive spectra are presented in Figs. 4-5. They include the He-like
resonance line Hea (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 Lya (5), the He-like satellite peak (6), the He-like resonance line Heb (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
Ka. 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 Iy/I. greater (less) than 1 indicates the
positive (negative) polarization of the line. Theoretical calculations estimate that the polarization
of the resonance line Hea 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 Hea line.
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Table 1. Illustration of polarization of Ti K-shell lines
through the measured ratio of intensities (I;/1 )

Line Ton A(R) 7/12/00 7/18/00 7/19/00 7/21/00
1 Hew He 2.618 0.93 1.02 0.65 1.09
2 v He 2.631 1.01 0.98 0.66 1.04
S Li 2. 640 1.05 1.12 0.86 1.06
3’  sat Be 2.655 1.0 1.22 1.07 1.13
5 Ly« H 2. 500 0.97 1.25 1.06 1.02
6 sat H 2.515 1.29 1.58 1.52 1.14
7  HeP He 2.221 0.91 1.29 0.69 1712
8 sat He 2.253 1.28 1.75 0.94 1.19

The ratios of intensities associated with different polarization states Ij/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 Ij/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 Iy/I. is 0.65 for the
Hea resonance line, 0.66 for the He-like intercombination line y, 0.69 for the Heb 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. Illustration of polarization of Ti K-shell lines through
the measured ratio of relative intensities of the lines recorded
by a horizontal (H) and vertical (V) spectrometers.

Line 1/12/00 1/18/00 1/19/00 7/21/00

ratio H ¥ H/Y H v H/V H v H/V H v H/Y
2/1 0.9 0.83 1.09 0.88 0.91 0.96 0.88 0.88 1.0 0.82 0.8 0.95
3/1 0.77 0.68 1.13 0.79 0.73 1.1 0.79 0.60 1.32 0.62 0.64 0.98
341 0.30 0,27 1.08 0.33 0.28 1.2 0.33 0.20 1.65 0.35 0.33 1.04
6/5 0.56 0.35 1.61 0.68 0.53 1.27 0.66 0.46 1.42 0.8 0.71 1.13
8/7 0.70 0.50 1.41 0.79 0.58 1.37 0.77 0.57 1.35 0.8 0.75 1.06

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 Hea 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 A 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 K, 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 K, 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 T. and on hot electrons is
shown in Fig. 7. The intensity ratios of Li-like satellite lines to He, and He, decrease with
increasing T, while the intensity of H-like Ly, increases. The effects of hot electrons are
similar to the effects of increasing Te. But if T, and the hot electron fraction f'are chosen such
that the increase in the Ly, intensity is the same in both cases, the Li-like satellites will be
more intense with hot electrons than with higher T.. By matching both the Ly, and the Li-like
satellites to the experimental He, line, both T, 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
T, 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™) of hot electrons has a significant effect on the ionization balance at low T.. This
is not the case for the high T, 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.
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T 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 ffrom 0-10%. The best fits of He,, He,
and satellites, and Ly, and satellites in all experimental cases indicate the presence of hot
electrons in the hot plasma regions. This fitting procedure only determines T, to + 100eV and 1
to a factor of two, since decreasing T. 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; T, 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 T, = 1.8keV and f = 4% hot
electrons and a cool region with T, =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 K, , 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 27° , and the measured ratio Iy/I. for the resonance line Hea

and an intercombination line y is the same in horizontal and vertical spectra.

I1. 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.
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Fig. 9. Comparison of experimental and theoretical spectra
of Mo x-pinch plasmas produced on 10/20/2000 (shot 52).

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 (Ra changes from 0 to 0.63), 3B (Ra
changes from 0 to 0.95), 3C (Ra changes from 0 to 0.11), and 3D (Ra 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.

II1. 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 Ti**" 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 Ry 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. /Ry; indicates the polarization
sensitivity of the crystal, as the intensity of the observed lines is given by the relationship
Iobs=Rux Iy + Ri x L., where Iy and . 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 43° and 23.5°,

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).
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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 | =2.6105 A 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)
I Io I1/1; I3 Iq I3/ 14

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 I5/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 Ty=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 I,/I; 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 1s*31-1s21’31” 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 Ka 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.
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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 A, 3.47 A, 1.32 A, 0.96 A in first order of reflection and for 3 A, 1.74 A, 0.66
A, 0.48 A 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 Pi, and is reflected in P; and P, directions by planes A and B,
correspondingly.

To select polarization components along P, and P 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:

P. - polarization component. reflected at 45 dearees from nlanes B.



P, - polarization component, reflected at 45 degrees from planes A,
qi — incident angle with flat crystal surface, i.e. the mechanical plane,
gs — 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:

Singg = Sing; * Sin(P/2) (¢D)

P -incident X-ray beam

E, AB

. p‘I—‘—FI!

P P -reflected perpendicularly polarized components

Fig.1. Geometry of polarimeter

where gg = 45°, as the first general condition for ideal polarimeter.
Further geometrical considerations give the next expression to an angle
between two polarized components Py and P:

£P10P, = 2arcsin (cos’dg + sin’gg cos’P/2)"* )

The angle P;OP; 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
DbP=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:



Singg = Sing; * Sin60 (3)

Therefore if gg = 45°, then g, = 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:

£P;,0P, = 2arcsin 0.5(1+3cos’q) " (4)

The angle P;OP, should be equal to 90 degrees as it is necessary for an ideal
polarimeter.
It is easy to see, that if g, = arcsin (SinQgs/Sin60) = 54.7°, than £P;0OP, =90°. This is
a build-in check of the formulas presented.

To determine the coordinates of a detector for the P; and P, components it is
useful to know the angle B,OB, between the projections of rays P; and P, on the
mechanical plane:

b B;10B, = 2 arctg (tgq; * tg30) (5)

If Os — 450, a = 54.70, b B,0B, = 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 cos2qg for an ideal crystal and proportional
to cos?2q for a mosaic crystal. Actual crystals are between these two types.

lorder |lorder

%, cut | 2d,A | AA AA
5 % 10(-10 | 851 | 6.0 3.0
% 11(2)0 | 491 | 347 | 1.74
o le 14(50 | 1.86 | 132 | 0.66
ol I *x 25(7)0 | 136 | 096 | 048
;CE' ‘:E" ;ﬁ%‘% 2 - - -
10{-1)0 P /P_=cos20 - for ideal crystals
1(2)0 P1IP2=cosI23-for mozaic crystals
ion | AA | cut | @ |cos2@ |cos28
ArXvil| 394 | 11(2)0/538 | 03 | 0.09
K [He] | 3.55 | 11(-2)0 | 46.23 | 0.04 | 0.002

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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Polarization studies in fast-ion beam spectroscopy
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In a historical review, the observations and the insight gained from polar-
ization studies of fast ions interacting with solid targets are presented. These
began with J. Macek’s recognition of zero-field quantum beats in beam-foil
spectroscopy as indicating alignment, and D.G. Ellis’ density operator anal-
ysis that suggested the observability of orientation when using tilted foils.
Lastly H. Winter’s studies of the ion-beam surface interaction at grazing in-
cidence yielded the means to produce a high degree of nuclear orientation in
ion beams.

I. INTRODUCTION

For polarization to become observable, either the emitter must be restricted in its spatial
orientation (for example, by a magnetic field), or the excitation must show directionality.
Here 1 will give an overview of what in terms of polarization has been seen with (highly
directional) fast ion beams that interact with targets in arrangements of various symmetries.
Most of the work was done in the mid-1970s, but the topic has fallen dormant again after
less than a decade. However, there are a few aspects of that work that are still of interest
and that might even become useful again.

Since I have not worked in this particular sub-field myself (although I have worked with
fast ion beams), I ask the reader to pardon me for my lack of depth and understanding, as
well as for my more casual approach. Details of the formalism will be found, for example,
in the contribution by A. Petrashen, and I am happy in not having to duplicate any of
that excellent work. Instead of showing pictures from what is not my own work (which also
would have required dealing with copyright issues), I shall show only a few sketches and refer
to the literature for any details and specific presentations. The reference list is arranged
alphabetically and includes the titles of the journal articles. This, I thought, might be more
useful for anybody interested than me making up a serpentine presentation just in order
to be then able to refer to this or that paper. Also, one finds quite a bit of repetition of
the data and graphs presented in the original publications which are then re-hashed for this
or that review or conference. Closer study might reveal specific information, if sought for,
but I leave that to the interested reader. The list of references is far from complete. It was
originally based on a US-based paper trail, and some European references have been added



from memory. For example, my own memory - backed up by recollections of colleagues - has
traces of quantum beat work done at Lyon (France) in the late 1970s, by M. Ceyzeriat, A.
Denis, and J. Désesquelles, but I have not found the references yet again. Looking up the
beam-foil conference proceedings of the time will give further clues and references beyond
this report.

I have structured my report along the following topics:

Historical context

Techniques and symmetries

Foil at right angles

- Coherent excitation

- Cylindrical symmetry — Alignment

- Best observed with a polarization analyzer
Quantum beats

- Fine structure intervals

- Hyperfine intervals

Tilted foil

- Cylindrical symmetry broken — Orientation

- Scattering at grazing incidence

(Ion-Beam Surface Interaction at Grazing Incidence - IBSIGI)
Dirt effects

- Temperature

- Current density

- Surface fields

- Surface contamination

Applications of IBSIGI

- Production of nuclear orientation for nuclear physics
- Probing the band structure of the surface material

II. HISTORICAL INTRODUCTION

At the beginning of the twentieth century, vacuum technology progressed to enable ex-
periments with particle beams, be they electrons (for example, for producing x-rays) or ions
(canal rays). lon beam formation was being studied, both for investigations of the Stark
effect and for analyzing the light intensity distribution along such canal rays. Wilhelm Wien
realized that such a technique might reveal the lifetimes of atomic levels and derived approx-
imate formulae for atomic level lifetimes long before quantum mechanics became available
for that purpose [12].

In the 1930s, ion beams were adapted by nuclear scientists into accelerators (at the time
branded/glorified as atom smashers) that could produce ions energetic enough to overcome
the Coulomb barrier and induce nuclear reactions. Targets were now formed as thin foils
which have a much higher areal density than a gaseous target. The ion beams would pen-
etrate the target foil and then be analyzed for energy loss and charge state in a detector
downstream, together with possible nuclear reaction fragments. The first ion beams were
feeble, and people had difficulty in developing detectors for fast ions and reaction fragments,



and even detectors that would be sensitive enough to note and analyze a particle at all.
With continuous development, ion sources improved and ion beams grew in beam current.
However, it was only in the early 1960s that some nuclear physicists used their own eyes
for detection again. They saw visible light from an ion beam after it had passed through a
target foil. Several of them understood the atomic physics value of their observation [19,2] -
some only to find themselves reprimanded by their faculty colleagues for straying away from
nuclear physics [20].

Energetic ions passing through matter may lose one or more of their electrons. The
remaining ones may be shaken into excited levels, or electrons may be captured upon leaving
the target. In any case, this was a new way to produce multiply charged ions, populate
high-lying or multiply-excited levels, and studying atomic processes with a time resolution
of a small fraction of a nanosecond. This time-resolution was easily achieved in beam-foil
spectroscopy, by mechanical means, displacing either the foil or the detector along the ion
beam trajectory (in those days, tube-based electronics had a hard time in the ns time range).
An ion beam of energy 2 MeV/nucleon travels about one centimeter in one nanosecond.
Easily achieved mechanical displacements of 10 pgm then correspond to one picosecond,
without any need for fast electronics (and oscilloscope displays that were poorly suited
for showing the traces of rapidly deflected electron beams). If one photographed the light
emission that occurred along the ion beam (using a filter to discriminate one spectral line
from the others), the change of light intensity was interpreted as an intensity decay curve.
The time after excitation strictly correlates with the distance from the foil via the uniform
ion beam velocity. After properly converting film blackening back to an intensity scale,
one might then determine atomic decay time constants. Photoelectric detectors were rather
novel then, but quickly took over.

However, while there were many promises of the new technique [3], there were also many
puzzling features that required some time to be recognized and sorted out. For example,
some of the intensity decay curves, in particular those from hydrogen atoms or H-like ions,
showed oscillations. These were quickly subsumed as resulting from “something like the
Hanle effect”, invoking stray electric and magnetic fields, or even fields produced by the ion
beam itself, as well as the degeneracy of levels in hydrogenlike ions. In 1969, however, Joe
Macek (then at Lincoln, Nebraska) suggested that the oscillations might have quite another
origin. This origin is what we now call coherent excitation, and would lead to zero-field
quantum beats, which are best observed with polarization-sensitive equipment [23]. This
concept brings the story to the topic of this polarization spectroscopy workshop. A little
more detail is needed to explain the how and why.

I11. FOIL AT RIGHT ANGLES

The ion beam trajectory provides a direction, and any sideways orientation in a plane
whose normal coincides with the beam direction has no preference over any other. The
standard arrangement of an exciter foil in beam-foil spectroscopy is just that, with a foil at
right angles, i.e., the foil surface normal pointing along the ion beam (Fig. 1).

Such a thin foil (with an areal density of, say, 10 to 20 ug/cm?, or about 1/500 of the
thickness of writing paper) is being traversed by the ion beam in a time of order 107'* s.
This time interval is comparable to the typical lifetimes of K-shell vacancies in (moderately)
heavy ions. However, for most of the subsequent discussion, I shall concentrate on visible



light, from the excitation of valence electrons in not so highly charged ions. There the typical
lifetimes range from 1072 s to 107" s, which is orders of magnitude longer than the time the
ions spend inside the foil. Inside the bulk of the foil, electronic excitation of the fast ions is
very likely, but the cross sections for electron loss are also very high, and excited states are
easily destroyed again before the ion leaves this dense environment. Excitation in the surface
layer may survive, and more population of excited levels may occur by electron capture after
leaving the foil. Therefore the typical excitation has to happen in a time interval that is

even shorter than the time it takes to cross the foil, and this puts the time interval close to
1071 s,

lon beam

Foil

Polarization analyzer

Detector

FIG. 1. Geometry with a fast-ion beam and an exciter foil at right angles.

Such considerations paved the ground for a conjecture by Macek [23] who suggested that
the oscillations observed on decay curves might relate not to external fields, but be the
consequence of coherent excitation. In this picture, via the uncertainty principle, a short
time interval corresponds to an uncertainty in excitation energy. Excited levels with an
energy separation smaller than this energy spread would be coherently excited, and their
decay would possibly display interference effects.

Take two fine structure levels of a given term as an example and consider their decays
to another level. As with coupled pendulums in mechanics, the levels develop in time to-
gether, and the level energy difference AE shows as a frequency v in the decay curve. As
the frequency describes a (lower-frequency) beat pattern between two high frequencies (the
actual transition energies) associated with transitions between quantum states (and does
not require external fields), the phenomenon has been dubbed zero-field quantum beats. In a
simple view, this phenomenon results from the non-statistical population (different excita-
tion cross sections) of the magnetic sublevels m; effected in the ion-foil interaction. With a
foil at right angles to the ion beam, the only asymmetry expected may be forward /backward,
and this restricts the dependence of the sublevel population effect to a dependence on the
absolute values of my, |my|.



Such alignment can then only affect terms with levels of |m;| > 1/2. It is thought of to
result (semiclassically) in a rotating dipole that is best observed by a polarization analyzer.
At a certain magic angle (of 54.7°, where the Legendre polynomial Py vanishes), it is possible
to obtain a signal to which all polarization components contribute in a way that renders the
result independent of alignment and which thus is proportional to the total intensity of the
decay (the total intensity shows no beat pattern). If one wants to measure the alignment,
one measures through a polarization analyzer at two mutually perpendicular orientations
(for example, along/across the ion beam) the signal strength and then applies a density
operator analysis or uses the Stokes parameters (outlined in Table I1I). Remember that
a J=1/2 - 1/2 transition cannot show polarization (which makes it a useful unpolarized
sample), but the 1/2 - 3/2 component can. So in atomic lifetime measurements employing
either a fast ion beam and a foil, or short-pulse laser excitation of atoms in a vapor cell,
one tries to obtain unperturbed decay curves and thus avoids quantum beats. On the other
hand, searching for level population effects or trying to measure small term differences in
an otherwise poorly accessible range of level energies, it is advantageous to seek quantum
beats.

TABLE 1. The Stokes Parameters help in evaluating the measured polarization signal in terms

of the density matrix, illuminating the physical situation.

I =|B)* + [EL]?
M = |E)|*- [EL|?

S =21Im (EjEL*)

With I being the overall intensity,
M/I = (L2-L2)/(LZ) relates to the alignment,
C/I =2 Re (LyL, ) / (L2 ) measures the correlation of L, and L., and

T

S/T=-h{L,) / (L2) relates to circular polarization.




An experimental problem with quantum beats is their frequency. A decay curve of a
level with a multi-nanosecond lifetime may stretch out over a few centimeters along the ion
beam. In order to analyze the beat pattern, the frequency has to be high enough to result
in many oscillations. Yet the frequency must be low enough to be resolved spatially (which,
as mentioned above, corresponds to time resolution). This limits observations largely to
low charge states and to ions with a small fine structure, that is with a single electron in
the valence shell. For early examples, see the work done in Andra’s group in Berlin and
in Bukow’s group at Bochum [1,15,33,30]. However, there also are ions in which hyperfine
intervals can be seen from quantum beats, and then often quite a number of hyperfine level
intervals can be recovered from a Fourier analysis of the beat pattern.

Measurements of alignment do not necessarily require the observation of quantum beats,
only of polarization. Still, polarizers with sufficient analyzing power and transmission largely
restrict such work to wavelengths in the visible spectrum. A remarkable exception is the
Ly, transition in hydrogen, with a wavelength near 121.5 nm. Several polarizers of different
designs have been built for this wavelength, using, for example, a stack of tilted LiF plates
(in transmission) or a set of three surface reflections [30]. Much of this work was done by
Helmut Winter (Bochum/Lyon/Berlin/Miinster/Berlin). He wanted to ascertain the ion-
energy variation of the alignment (energy dependence of the relative cross sections of the
magnetic sublevels) in order to find the predicted cross-over between positive and negative
values of the alignment. He did find a first crossing for about 50 keV H atoms [30], and later
on an even lower-energy second crossing. By then he interpreted his data no longer as an
energy trend, but, theoretically justified, as a variation with the inverse of the ion velocity
[21]. In order to remind the plasma workshop audience of the energy scale: 50 keV protons
colliding with the electrons in the foil correspond to 25 eV electrons impinging on protons
in a plasma.

IV. TILTED FOIL

Macek’s article referred to a much earlier treatment of polarization, by Percival and
Seaton [24], who had considered the excitation of atoms by an electron beam, extending the
even earlier Oppenheimer-Penney approximation. In 1973, Dave Ellis from Toledo (Ohio)
revisited the case and expanded the scope by breaking the dominant symmetry [16]. By
tilting the exciter foil (Fig. 2), he suggested, the previously used cylindrical symmetry around
the ion beam would be broken, and Percival and Seaton’s formalism would lead from the
density matrix to a tensor with a main axis tilted away from the ion beam. In this way,
orientation would be added to the alignment, to be observed as a superposition of linear
and circular polarization, resulting in elliptical polarization with a major axis of specific
orientation in space. The underlying level population would then no longer depend just on
absolute values |my|, but on my itself.

The University of Toledo had an ion accelerator, and the theoretician Dave Ellis and his
more experimentally inclined colleagues Gordon Berry, Larry Curtis and Dick Schectman
promptly confirmed all these predictions. They then continued on to explore the parameter
space, devising 3-D contour plots to follow the Stokes parameters as a function of ion energy
and foil tilt angle. Via the coupling of nuclear and electron-shell momenta, it could be shown
that the orientation of the electron shell could be transferred to the nucleus, and a beam of
oriented nitrogen nuclei could be obtained [7].



One of the first surprises was that the orientation grew with the tilt angle to very high
values (then the projection of the foil in the direction of the ion beam increases the ion path
through the foil so much that the ions are lost due to energy loss and scattering). This
contradicted an earlier model that had assumed excitation to take place mostly inside the
foil, and clearly favored a dominance of surface effects. In fact, the observed orientation
simply corresponded to what one would expect from the relative motion of ions outside a
tilted surface, picking up largely stationary electrons, or from a surface friction picture. In
Fig. 2, the observer/detector would see right-hand circular polarization.

lon beam Foil

Al 4 plate
Polarization analyzer

Detector

FIG. 2. Geometry with a fast-ion beam and an exciter foil that is tilted from the ion beam by
an angle a. Since some of the observations seek for circular polarization, a A/4 plate is required

to convert this part of the light into linearly polarized light first.

Of course, such pictures must be oversimplified, and thus some rather fierce discussion
broke loose, each side having evidence (from perpendicular or tilted foils) supporting their
own views and contradicting others. One study found a dependence on the temperature of
the foil (that under intense ion bombardment can glow brightly) [17]. Another study claimed
this to be a current-density effect instead [29]. In their model, the limited conductivity of
carbon foils trying to replenish secondary electrons released by ion bombardment would
create a current in the foil, converging onto the ion beam spot, with associated electric
and/or magnetic fields. This current-density effect might be influenced by the choice of foil
material, special backings, foil holders or supporting grids. A third group found no current-
density effect even when varying the current density in a wider range than the second had
done [22]. The foil material was varied [11], then finding that carbon and similar non-
metals yielded more polarization than metals did. Soon it was found that the ubiquitous
contamination of materials under ion bombardment by cracked hydrocarbons of whatever
origin clouded the sensitivity of the experiments. And so on.

On the theoretical side, the corrugation of a foil surface, the state density in and above
the surface, various intricate models for electron capture, the influence of surface fields, and
whatever else were invoked - and made no recognizable impact on the results. However,



a few insights survived, supported by evidence from other experiments: Inner vacancies
are mostly produced in the bulk of the foil material, whereas much of the valence electron
structure is assembled only in the surface layers of the foil, if not above the surface. Surface
fields play a notable role only for hydrogenic (degenerate or near-degenerate) levels.

Orientation was found in multiply charged ions [18], too. However, there was no valid
model to describe the various polarization effects of outer electrons theoretically, and for
lack of that and for exhaustion of accessible simple atomic systems, the field of polarization
studies in beam-foil spectroscopy petered out.

V. SCATTERING AT GRAZING INCIDENCE

Some of the above can be driven to the extreme, and there gain new significance: At
very large tilt angles, the ions can no longer penetrate the foil. Instead, one may try to
scatter them from the same surface, under grazing-incidence conditions. This then almost
implies a surface without a bulk; it also requires ultra-high vacuum and in-situ cleaning of
the surfaces by ion sputtering. Again, Helmut Winter tried his hands on this, and again
successfully. His IBSIGI technique (Ion-Beam Surface Interaction at Grazing Incidence), be-
gun in collaboration with H.J. Andra, provided unprecedentedly high degrees of orientation,
including a high-yield arrangement for producing a beam of nitrogen ions with nuclear spin
polarization [31]. The nuclear spin polarization reached 15% after scattering on one surface,
and 20% after scattering off two such surfaces. The technique has also been employed to
study surface fields between an incoming ion (with the vertical velocity component reduced
by geometry) and the target surface, and it has recently been used to probe the electron
band structure of a composite material inside the target bulk. On the fundamental physics
side, Winter has demonstrated with individual ion-atom collisions that the aforementioned
simple geometrical picture of producing orientation holds. The latest feat of Winter’s group
is a measurement of the circular polarization of Auger electrons after IBSIGI on magnetized
surfaces [25]. If you want more details, look for the extensive Physics Report that he has
just finished preparing.

VI. CONCLUSION

Why is polarization spectroscopy of fast ion beams a (largely) closed chapter? Probably
because there is no conclusive theory predicting the polarization of specific outer electrons.

Inner-shell vacancies in heavy ions, produced by ion-foil interactions, have occasionally
been studied by evaluating angular correlations of the x-ray emission pattern, but hardly
by employing polarization-sensitive devices. This may become an interesting field (again),
because plasma physics has diagnostic problems at very-high density. In such plasmas,
collisions are so frequent that multiple excitation becomes possible - a mainstay of beam-
foil spectroscopy for almost four decades. Beam-foil spectroscopy features ion excitation
in a dense medium (solid matter), followed by observation in a low-density medium (good
vacuum). There may be prospects ...
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