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A general expression for the differential cross-section describing the properties of radiation following the ionization of
polarized atoms by polarized electrons is obtained in two-step approximation by using the methods of atomic theory. The
special cases of the general expression suitable for the specific experiments are derived. In the case of the ionization of non-
polarized atoms by non-polarized electrons, the expressions for the parameters of the asymmetry in the angular distribution
of fluorescence as well as angular correlations between fluorescence photon and one of emitted electrons are presented. The
magnetic dichroism in the angular distribution of fluorescence radiation is studied.
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1. Introduction

The ionization of atoms by electrons is one the
most important processes in plasmas. Polarized atoms
and ions are present in plasma where directed flow of
charged particles take place. Then, the emitted radia-
tion can also be polarized [1]. The tokamak may serve
as an example of such devices. The polarization of
electron-impact excited radiation or fluorescence from
tokamak plasmas was used for its diagnostics [2,3].
This polarization is caused by non-equilibrium popu-
lation of magnetic levels or ordering of the excited and
ionized atoms, otherwise known as self-alignment. It
arises in the collision process because of oriented flow
of atoms or (and) electrons [1]. Thus, for theoretical
modelling of elementary processes in plasmas, the ex-
pressions of the cross-sections describing the polariza-
tion of atoms both in initial and final states are of im-
portance. The main task of the present work was the
derivation of a general expression for the cross-section
suitable to describe the properties of fluorescence radi-
ation following ionization of polarized atoms by polar-
ized electrons.

Density matrix formalism [4] was the usual method
for investigation of polarization and angular distribu-

(© Lithuanian Physical Society, 2008
© Lithuanian Academy of Sciences, 2008

tions in these processes for many years. Recently,
a number of alternative methods was introduced [5—
11]. A unified quantum collision theory in the wave-
packet approach for the analysis of kinematics of var-
ious atomic collision processes by using the density
matrix, relativistic approach, and helicity formulations
was proposed by Huang [5]. Da Pieve et al. [6] have
commenced studying the angular correlation between
a photoelectron and subsequent Auger electron from
atomic targets in a single particle scattering approach,
since it is more convenient for extension to the solid
state case. The methods usually used in atomic theory
were applied for the investigation of photoionization of
polarized atoms by Kupliauskiené et al. [7,8]. In this
approach, the probability or cross-section of the inter-
action of polarized electrons (photons) with polarized
atoms was expressed as a multiple expansion over the
multipoles (irreducible tensors) of the state of all par-
ticles taking part in the process both in initial and fi-
nal states [7—10]. The extension of this method to the
multi-step processes was presented in [11]. The ioniza-
tion of polarized atoms by polarized electrons was in-
vestigated by Kupliauskiené and GlemzZa [9] using dis-
torted wave approximation as well.
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The investigations of fluorescence following ion-
ization of atoms by electrons are not numerous. In
the case of ionization of non-polarized atoms by
non-polarized electrons, the expressions for angu-
lar distribution of Auger electrons were obtained by
Berezhko et al. [12] using the density matrix ap-
proach. Recently, the asymmetry of angular distri-
bution and polarization of argon K X-radiation fol-
lowing the ionization of non-polarized atoms by non-
polarized electrons was investigated experimentally

ment of atomic theory methods for two-step process
of fluorescence following the ionization of atoms by
electrons. The next section is devoted to obtaining
the general expression by applying a method used in
atomic theory. Its special cases are presented in Sec-
tion 3. The inequality ‘fine structure splitting >
line width > hyperfine structure splitting’ is also
assumed. Modifications enabling one to take into ac-
count hyperfine structure splitting can be easily made
[8, 10].

[13]. Thus, the present work is a further develop-

2. General expression

The process of the fluorescence radiation following ionization of polarized atoms by polarized electrons can be
written as follows:

A(OquMl) +e (pomo) — A+(Of2J2M2) +e (pgmg) +e (plml)

— AT (a3 J3M3) + e~ (pamz) + e~ (p1m1) + hr(éko) - ()

Here o; indicates the configuration and other quantum numbers, J; is the quantum number of the total angular
momentum, and M; is its projection onto a chosen direction for atoms (ions) in the initial (¢ = 1), intermediate
(¢ = 2), and final (+ = 3) states, respectively, p;, m; are the momentum of an electron and its spin projection
in the initial (¢ = 0) and final (¢ = 1,2) states. The energy ¢ (in atomic units) of an electron is related to its
momentum p viap = (25)1/ 2. Ko indicates the wave vector of emitted photon, and €4 18 its polarization unit vector,
where ¢ = £1 for circularly polarized light. Any other polarization can be obtained as a superposition of left- and
right-hand polarizations.

In two-step approximation, the expression of fourfold differential cross-section, describing fluorescence decay
following the ionization of polarized atoms by polarized electrons, can be written in the form of an expansion over
the multipoles of a non-registered intermediate state of ion A1 (aJoM>) by using the method proposed in [11] as
follows:

d*o (a1 i Mipomg — asJopimipems — asJ3Mségko) _
d&ngldQQkoo

oy, (a1 JiMipomo — agJapimipama) AWy (2o — azJzMségko)
dé‘ngldQQ koo

2.

K>N»>

. 2)

In (2), d©2; describe the scattering angle for the scattered (¢ = 1) and emitted (i = 2) electrons and fluorescence
photons (i = ko).

The expression for the first term in (2) can be obtained from Eq. (13) of [9] by applying the procedure described
in [10, 11] and it is as follows:

3oy, (a1 JiMipomg — aaJapamapimy)

— 4 3/2 2K 1 1/2
de0d QA Co(dm) ™= [2Ks +1]

ion / ! ! /
X Z B (K07K07KaK)\O7KSOaK27K7KA17K817K17K)\27K527K2)
K,Ko,K{,Kxo0,Ks0,K’,
K1, K}, Kx1,Ks1,K)2,Ks2



A. Kupliauskiené et al. / Lithuanian J. Phys. 48, 25-33 (2008) 27

y Z {KAOKS()K{)] {KOK(’)K} {

! !/
Nxo Neo N§| | No Nj N
N,NO,N(’),N,\O,NSO,N’

N{7Né’N>\lstlvN>\27Ns2

Ko K'K7 [Ky K} K'] [Ka Ko K1 [Ke Ke2 K,
Ny N'N
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X T]{f(s,s,mglé). (3)
Here
2101]92 K 2 J—M |: 4dr :|1/2 |:J J K:| A
— e T M =(—1 Y, 4
02 7T2p() 5 N(JvJ’ |‘]) ( ) 2J+1 M—-MO KN(J)7 ( )

where .J denotes the polar and azimuthal angles of the orientation of the angular momentum J with respect to the

chosen z axis, and

Bion(KOa K(/)> Ka K)\Ua KSOa K27 Klv K/\la Ksla Kia K)\Qa K327 Ké) =

> (27 4 1)(2J" +1)(25 + 1)(—1) 0T+

A0,A0,A1A],A2,05,50,50
jl)jivj2’jéy‘]7‘],’jaj,

AN Exo] [A AN Kxr] [A2 Ay Ko
00 O 00 O 00 O

x (22, €2X2(j2)e1 A1 (71)d, TV |laxJi, €0ho (o) T){aTo, 225 (Ga)er My (51)5", ' [IV ] |ea J1, 0 Mo (o) )

X [(25 +1)(2X0 + 1)(2A5 + 1) (2A1 + 1)(2A] + 1)(2X2 + 1) (275 + 1) (20 + 1)(250 + 1) (251 + 1)(251 + 1)

% (2 + 1)(254 + 1)(25 + 1)(25 + 1)(2J1 + 1)(2J2 + 1) (2K} + 1) (2K + 1)(2K' + 1) (2K} + 1))/
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In (5), V in the reduced matrix element [9] marks the
operator of electrostatic interaction between atomic and
projectile or scattered and emitted electrons.

The second term in (2) has the following expression
[10, 14]:

dW}q(zNz (042 JQ — a3J3M3€qk0)
dQy, -

Cr Y A(Ky K|, Ks, kK
K! K3,k k'

Ky K K3 ok, .
V3

X T]I\[{Z(kv klaq“;(])v (6)

A(K27 K,,,‘, K37 ka kj) =

x (a3 J3]| QW || az o) (a3 5] |QF)|ag J2)* @)

kKK
(272 + 1)(2K3 + 1) '

(2K + 1)(2J3 + 1)(2k + 1)]1/2 { Jo Ko Jo }
J3 K3 J3

The reduced matrix element in (7) is equal to

(a3 J3]|QM|azJ2) = v/2J5 + L{asJs||QW||az o) ,

@®)
the constant C, = 1/(27), and
k41742
(a3 3| QW |ags) = kT2 S {T}
p=0,1
i*(—iq)P
ﬁ (o3 Js]|Qf [laa J2) 9)
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is defined in [10]. p = O indicates the operator of elec-
tric multipole transition (Ek) [15]

Q= —rre, (10)

and p = 1 represents the operator of magnetic multi-
pole transition (Mk) [15]

Qkq = %[k‘(% — D2 (11)

y {%H o1 x Lmﬁ’% [tk S(l)ﬁ)} .

Here L") and SO are operators of orbital and spin
angular momentum, respectively, C’ék) is operator of
spherical function normalized to [47/(2k 4 1)]*/2 [16].

Note that the parities of electric and magnetic multi-
pole fields are (—1)* and (—1)**!, respectively. Only
either magnetic (Mk) or electric (Ek) part contributes
between specific electronic states, owing to parity se-
lection rules. Since we are considering pure photon
states, there is no need to introduce Stokes parameters
explicitly.

The expressions (2), (3), and (6) represent the most
general case of the cross-section describing the polar-
ization of all particles participating in the process (1)
and angular distributions as well as angular correlations
of the electrons and photon in the final state. These
general expressions can be used to derive the expres-
sions applicable for specific experimental conditions
with smaller number of polarization states specified. To
obtain the special cases, one needs to integrate over the
angles of one or both escaping electrons and to sum
over the magnetic components of some angular mo-
menta. The following summation and integration for-
mulae [8] make this easier:

YT (1, M|J) = 6(K,0)6(N,0),  (12)
M
T 2T
//YKN(H, $)sin 6 do dp = v/ar 6(K, 0) 5(N,0).
00 13

Usually, the experiments are performed by using both non-polarized atoms and non-polarized electrons and the
state of polarization of the scattered and emitted electrons as well as that of ion in the final state are not registered.
Then, expressions (3) and (6) become simpler because of Ky = Ky = Kq = Kgo = 0, K, = Kj = K,

K)\l :Ki,K)\Q :Kéi

3oy, (a1 J1po — 2 Jopap1) _
dEQdQldQQ

02(477)3/2[2]{2 + 1]1/2 Z
2(2J1 + 1)

K}\():K/vKAl 7K)\2

Bion(()? KAO? KAO) K)\oa 07 K27 Kla K)\luov K)\17K)\2)O) K)\Q)

KyK'K),| [Kx2 Ky, K’ 5 5 )
: N N% N [Nz N’ NAZ] {NM NAI N7 | Yicag o (P0) Yiey, vy, (P1) Yy, vy, (D2) (14
Ao IEAP S EEAPV)
dWIT(QNg <a2j2 — a3J3€qk0)
dQxo B
27[-(2J2 + 1) (2]€ + 1)(2K2 + 1) q—q 0 2, 1A2,Y, v, Ko—No\M0)) -

k,k/
In the case of Ny = 0, we have

dWIT(QO(agJQ — 053J3€qk0)
dQo

1

e

kK’

where P, (cos 6, ) is Legendre polynomial.

kK K,
q—q 0O

:l A(K27K2a07k7]€/) PKQ(COSQkO), (16)
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Some more simple cases of the general expression (2) are derived further as examples. They cover the most
frequently measured set of characteristics and use the experiment geometry. Expressions (14) and (15) enable one
to readily obtain a number of special cases.

3. Special cases

3.1. Total cross-section for fluorescence following the ionization of non-polarized atoms by non-polarized
electrons.

The total cross-section describing the fluorescence radiation emitted after ionization of non-polarized atoms
by non-polarized electrons, when the polarization state of particles in the final stage of the process (1) are not
registered, can be obtained from the general expression (2) by summing over the magnetic components of particles
in the final state and averaging over them in the initial state, as well as integration over the angles of scattered and
emitted electrons and radiation. The result of these procedures can be written as a product of two probabilities:

1
U(Oqu — OéQJQ — 043J3) = m
d*o (a1 Ji Mipomo — agJapim Mo — aaJaM=€.k
oo fonfon, | bt tih.
My,M3,mg,m1,ma 2 1 2 kO
= a1y — a2 o) W' (azJy — agJs). (17)

On the right-hand side of (17), the first term is the total ionization cross-section of an atom, and the second term is
the probability of radiative transition between the levels in ion AT,

3.2. Angular distribution of fluorescence radiation following the ionization of non-polarized atoms by
non-polarized electrons

The cross-section describing the asymmetry of angular distribution of fluorescence radiation following the ion-
ization of non-polarized atoms by non-polarized electrons can be obtained from the general expression (2) by
summing over the magnetic components of particles in the final state and averaging over them in the initial state, as
well as integration over the angles of scattered and emitted electrons. But a simpler way is to use the expressions
(14) and (15). Then the differential cross-section for the asymmetry of angular distribution of the fluorescence
radiation is as follows:

dU(Oqup() — OéQJQ — angéqko)

dQy,

1 d*o(ayJy Mipomo — agJopimipamy — asJsMsé ko)
—— /a4 / a0 / a0 Ko
2(2J1 + 1) / €9 1 2 MLMB%O:’mth T o

ion dWi a2J2 — Q3J3é kO
D oiw(a1ipo — azty) fitd dQ : )- (18)
K2,N> ko
Here

o Coldm (2K, + 1)]V2
2(2J; + 1) Kol

(po) B(0, Ko, Ko, K»,0, K3,0,0,0,0,0,0,0),
(19)

Ui]?;NQ (a1J1p0 — OCQJQ) = (47T)
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and the expression for the second term is (15). The choice of laboratory z axis along the direction of incoming
electrons leads to Yy, v, (0,0) = [(2K2 + 1)/47)"/25(Ny,0), and then

2027, 4+ 1)

Then the expression for the cross-section describing the angular distribution of fluorescence radiation following the
ionization of non-polarized atoms by non-polarized electrons can be written in the following form:

oiN (a1 Jy — agda) = (4m) B0, K, Ko, K2, 0, K»,0,0,0,0,0,0,0) . (20)

dO’(Oqu — a2J2 — 043J3k0) . O.ion<a1J1 — O[QJQ) WT(@QJQ — 043J3)

dQ%, (47)? 47

1 —|—ZﬁK2PK2(c080)] , (2D

K>
where
Br, = Ak, Ak, - (22)
Here
(2K5 + 1) [ deaB%(0, K, Ko, K2,0, K2,0,0,0,0,0,0,0)
Ak, = . (23)
[ deoBion(0, 0,0,0,0,0,0,0,0,0,0,0,0)
is the alignment of a non-polarized atom ionized by non-polarized electrons, and
: 1 121k K K
1K2+k—Q{ } [ Q}AKKOkk’
k%/( ) 2k' + 1 g—q 0 ( 2,82, YU, vy )
oK, = 24)

> (2k 4+ 1)71A(0,0,0, k, k)
k

is the asymmetry parameter of an angular distribution of emitted electromagnetic radiation. The angle ¢ is measured
from the direction of projectile electron. The maximum value of K is determined by values of the total angular
momentum .J5 of an intermediate state of ion and the multipolarity & of emitted radiation K ax = 2min(Jz, k). In
the case of dipole electric transitions, K can be equal to 1 and 2. The angular distribution of fluorescence radiation
following the ionization of non-polarized atoms by non-polarized electrons was investigated by Berezhko et al. [12]
using the density matrix approach.

3.3. Angular correlations between fluorescence and escaping electron following the ionization of non-polarized
atoms by non-polarized electrons

In the case when polarization states of an ion A* and emitted electrons are not registered, the cross-section for
angular correlations between fluorescence and one of the escaping electrons is convenient to derive using expres-
sions (14) and (15). Let us assume that the angular correlations are measured between a slower electron, which is
marked by 2, and a photon. The expression is as follows:

d3o (a1 Jipo — aaJaps — azJségko) _ 1
de2dQ2dQYy, 2(2J1 + 1)

y /dQ dio(arJipo — aaJopip2 — asJségko) _
! de2dQ1dQedQy,

Z dQO'iI%g]\& (Oéljlp() — OéQJQPQ) dWIr(QN2 (OéQJQ — agjgéqko)

. 25
dEQdQQ ko’o ( )

K2,N»
The expression for the first term in (25) is

d?oiy, (a1 J1po — a2Jop2) _ (4m)2Co 2K 4 1]1/2
dead2s 2(2J1 +1)
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xS0 B0, Ky, Kag, K, 0, Kag, K, 0,0,0, Ky, 0, Kyy)

K}\Q 7K)\2
Ky K A2 K Ao * ~ R
. z;v {Nz N Ny, | Yo ag (P0) Yica, N, (P2) (26)
AprtVAg
and that for the second term is (15). At z axis along the direction of incoming electrons, one gets No = —IV),, and

d?oiy, (a1 J1 — aaJaps) _ (4m)3/2Cy 2K, 4 1]1/2
dezds 2(2J1 +1)

S 2Ky, + 1]V BN K, K),)

KK,y
Ky Ky, K), .
< e o i ). @7
Here
B Ky, K»,) = B0, Ky, Kxgs K, 0, Ky, Ky, 0,0,0, K, 0, Ky,) . (28)

3.4. Magnetic dichroism in the angular distribution of fluorescence radiation following the ionization of polarized
atoms by non-polarized electrons

Magnetic dichroism is known as the dependence of intensity of fluorescence radiation following excitation,
ionization, or photoionization of atoms on the direction of initial polarization of atoms. In the case of ionization of
polarized atoms by non-polarized electrons, the cross-section for the process (1) suitable to describe the magnetic
dichroism can be easily obtained by summing the general expression (2) over the magnetic components of non-
registered angular momenta M3, m1, mo, averaging over myg, and integrating over the angles of scattered and
emitted electrons:

dZJ(C)lelMlpo — OQJQ — Oéngéqk()) _
df—:gdﬂko

d*o (o1 JiMipomg — aoJapimipama — azJsMségko)
X — dQl ng =
M dEQdQldQQkoo
3,m0,m17m2
dUII%;lNz a1J1M1p0 — QQJQ) dWK2N2 (CYQJQ — a3J3€qk0)
dEQ koO ’

>

K2,N>

where K0 = Kg1 = Koo = K)y = K| = K' = K), = K\, =0, K\, = K{j, K, = K, the laboratory z axis
coincides with the direction of incoming electrons (/V), = 0), and

(29)

doiin, (1 J1M1ipo — s o) / d / A ) do (a1 /1 Mapomy — azJopimipams)
d€2 dEQdQldQQ

mo,mi,ma2

(’;2 ar)? Y (2K + 12K, + 1]Y2 B(Ko, Ky, ) {

K3,Kx,Ko0,N2

Ko Ky, K>
Ny 0 Ny

X (—

ar VM210 4 K .
J1—M; 1 1 0
b [2J1 + 1] [M1 —M; 0 } Viconz (1) (30)

Here

B(K07K>\oa KZ) = Bion(KOa K)\()v K27 K)\()a 05 K?a 07 070707()’ Oa 0) . (31)
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The magnetic dichroism is the difference between
the cross-sections (30) measured for the opposite di-
rections of the total angular momentum J;. In the case
of choosing the direction of J; to be parallel and anti-
parallel to the z axis which coincides with the direction
of incoming electron, Yx,n,(0,0) = Y, n,(7,0) =
[(2K¢ + 1)/47]'/26(N3,0), and the difference of the
cross-sections (30) is equal to

A . Z dO’i}(?;O(OquMlle — OQJQ)
- Ky d<€2

y dWIT(QO(OAQJQ — 043J3€qk0)
dQy, ’

(32)

where
dUi[%;lO(OquMl = Jl — OJQJQ)

d€2

= C2(47r)2

(2K, + 1)(2K2 + 1)(2K¢ + 1)} 1/2
2J1 +1

>
Kg,Ko

0 0 0][J—n o]‘m)

Expression (32) can be integrated over the energies of
emitted electrons:

A/ = Zai[cgo(ozlJlMl:Jl — a2J2)
Ko

% dWIQQO(OCQJQ — 043J3€qk0)
dQ,

The Clebsch—Gordan coefficient in (33) is not equal to
zero if Ko + K, + K3 is an even number. Thus, hav-
ing in mind that Ky < 2.J;, one can expect a non-zero
magnetic dichroism for J; > 1 in the case of electric
dipole radiation (K3 = 0, 1, 2).

Magnetic dichroism may reveal itself even in the
measurement of the total cross-section, i.e. for the
cross-section (29) integrated over the angles of emitted
radiation (/o = 0):

. 34)

A = 35)

Ué%n(ozlJlMl — agJa) Wyp(aada — ags) =
1
(4m)3

Here one can see that the magnetic dichroism depends
only on the first process.

Uion(ozlJlMl — agJo) W (aaJy — ass).

4. Concluding remarks

In two-step approximation, the general expression
for the cross-section describing the properties of flu-
orescence radiation emitted following the ionization of
polarized atoms by polarized electrons is obtained. The
expression describes the polarization states and angular
distributions of all particles both in the initial and final
states. Some special cases suitable for the specific ex-
perimental conditions are studied as more simple cases
of the general expression. In the case of ionization
of non-polarized atoms by non-polarized electrons, the
expressions for the parameters of the asymmetry in the
angular distribution of fluorescence as well as angular
correlations between fluorescence photon and one of
emitted electrons are presented. The magnetic dichro-
ism in the angular distribution of fluorescence radiation
is also studied.
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Santrauka

Atomy ir jony jonizacija elektronais — vienas svarbiausiy
vyksmy laboratoringje ir astrofizikinéje plazmoje. Tiriant tokiy
vyksmy metu atsiradusiy jony bliseny suirimo produktus, galima
gauti daug naudingos informacijos ne tik apie atomo sandara, bet
ir apie atomo ar jono suzadintas blisenas sukdrusius procesus ir
daugiadaleles saveikas. SuZadinta biisena po vidinio sluoksnio
jonizacijos suyra, atomui i§spinduliuojant fotona (fluorescencijos
vyksmas). Elektronais jonizuoty atomy fluorescencija nagriné¢jama
kaip sudétingas procesas dviejuy stadiju (etapy) artinyje. Nau-
dojant atomo teorijos metodus ir judéjimo kiekio momento gra-
finius metodus sutrikdytyjy bangy artinyje, surasta diferenciali-

nio skerspjuvio (tikimybés) bendroji iSraiska, apraSanti visy pro-
cese dalyvaujanciy daleliy poliarizacija pradinéje ir galinéje buse-
nose, atplésty elektrony ir fluorescencijos kampinius pasiskirsty-
mus bei jy tarpusavio kampines koreliacijas. Ji panaudota su-
rasti paprastesnéms diferencialinio skerspjuvio iSraiSkoms, kurios
reikalingos ivairiems eksperimente matuojamiems dydZiams ap-
skaiCiuoti. Pateiktos elektromagnetinés spinduliuotés kampinj pa-
siskirstyma, kampines koreliacijas tarp fluorescencijos spinduliuo-
tés ir atpléstojo elektrono, fluorescencijos magnetinj dichroizma,
jonizuojant nepoliarizuotus ir poliarizuotus atomus nepoliarizuo-
tais elektronais, nusakancios formulés.



