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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-

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

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 À
line width À hyperfine structure splitting’ is also
assumed. Modifications enabling one to take into ac-
count hyperfine structure splitting can be easily made
[8, 10].

2. General expression

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

A(α1J1M1) + e−(p0m0) → A+(α2J2M2) + e−(p2m2) + e−(p1m1)

→ A+(α3J3M3) + e−(p2m2) + e−(p1m1) + hν(ε̂qk0) . (1)

Here αi indicates the configuration and other quantum numbers, Ji is the quantum number of the total angular
momentum, and Mi is its projection onto a chosen direction for atoms (ions) in the initial (i = 1), intermediate
(i = 2), and final (i = 3) states, respectively, pi, mi are the momentum of an electron and its spin projection
in the initial (i = 0) and final (i = 1, 2) states. The energy ε (in atomic units) of an electron is related to its
momentum p via p = (2ε)1/2. k0 indicates the wave vector of emitted photon, and ε̂q is its polarization unit vector,
where q = ±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 A+(α2J2M2) by using the method proposed in [11] as
follows:

d4σ(α1J1M1p0m0 → α2J2p1m1p2m2 → α3J3M3ε̂qk0)

dε2dΩ1dΩ2dΩk0
=

∑

K2N2

d3σion
K2N2

(α1J1M1p0m0 → α2J2p1m1p2m2)

dε2dΩ1dΩ2

dW r
K2N2

(α2J2 → α3J3M3ε̂qk0)

dΩk0

. (2)

In (2), dΩi describe the scattering angle for the scattered (i = 1) and emitted (i = 2) electrons and fluorescence
photons (i = k0).

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:

d3σion
K2N2

(α1J1M1p0m0 → α2J2p2m2p1m1)

dε2dΩ1dΩ2
= C2(4π)3/2[2K2 + 1]1/2

×
∑

K,K0,K′

0
,Kλ0,Ks0,K′,

K′

1
,K′

2
,Kλ1,Ks1,Kλ2,Ks2

Bion(K0, K
′

0, K, Kλ0, Ks0, K2, K
′, Kλ1, Ks1, K

′

1, Kλ2, Ks2, K
′

2)
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×
∑

N,N0,N ′

0
,Nλ0,Ns0,N ′

N ′

1
,N ′

2
,Nλ1,Ns1,Nλ2,Ns2

[

Kλ0 Ks0 K ′

0

Nλ0 Ns0 N ′

0

] [

K0 K ′

0 K
N0 N ′

0 N

] [

K2 K ′ K
N2 N ′ N

] [

K ′

2 K ′

1 K ′

N ′

2 N ′

1 N ′

] [

Kλ1 Ks1 K ′

1

Nλ1 Ns1 N ′

1

] [

Kλ2 Ks2 K ′

2

Nλ2 Ns2 N ′

2

]

× Y ∗

Kλ0Nλ0
(p̂0) YKλ1Nλ1

(p̂1) YKλ2Nλ2
(p̂2) T ∗K0

N0
(J1, J1, M1|Ĵ1) T ∗Ks0

Ns0
(s, s, m0|ŝ) TKs1

Ns1
(s, s, m1|ŝ)

× TKs2

Ns2
(s, s, m2|ŝ) . (3)

Here

C2 =
2p1p2

π2p0
, TK

N (J, J, M |Ĵ) = (−1)J−M

[

4π

2J + 1

]1/2 [ J J K
M −M 0

]

YKN (Ĵ) , (4)

where Ĵ denotes the polar and azimuthal angles of the orientation of the angular momentum J with respect to the
chosen z axis, and

Bion(K0, K
′

0, K, Kλ0, Ks0, K2, K
′, Kλ1, Ks1, K

′

1, Kλ2, Ks2, K
′

2) =

∑

λ0,λ′

0
,λ1,λ′

1
,λ2,λ′

2
,j0,j′

0

j1,j′

1
,j2,j′

2
,J,J ′,j,j′

(2J + 1)(2J ′ + 1)(2s + 1)(−1)λ′

0
+λ′

1
+λ′

2

[

λ0 λ′

0 Kλ0

0 0 0

] [

λ1 λ′

1 Kλ1

0 0 0

] [

λ2 λ′

2 Kλ2

0 0 0

]

× 〈α2J2, ε2λ2(j2)ε1λ1(j1)j, J ||V ||α1J1, ε0λ0(j0)J〉〈α2J2, ε2λ
′

2(j
′

2)ε1λ
′

1(j
′

1)j
′, J ′||V ||α1J1, ε0λ

′

0(j
′

0)J
′〉∗

×
[

(2s + 1)(2λ0 + 1)(2λ′

0 + 1)(2λ1 + 1)(2λ′

1 + 1)(2λ2 + 1)(2λ′

2 + 1)(2j0 + 1)(2j′0 + 1)(2j1 + 1)(2j′1 + 1)

× (2j2 + 1)(2j′2 + 1)(2j + 1)(2j ′ + 1)(2J1 + 1)(2J2 + 1)(2K ′

0 + 1)(2K ′

1 + 1)(2K ′ + 1)(2K ′

2 + 1)
]1/2

×







J1 K0 J1

j′0 K ′

0 j0

J ′ K J













λ′

0 Kλ0 λ0

s Ks0 s
j′0 K ′

0 j0













J2 K2 J2

j′ K ′ j
J ′ K J













λ′

1 Kλ1 λ1

s Ks1 s
j′1 K ′

1 j1













λ′

2 Kλ2 λ2

s Ks2 s
j′2 K ′

2 j2













j′2 K ′

2 j2

j′1 K ′

1 j1

j′ K ′ j







. (5)

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 r
K2N2

(α2J2 → α3J3M3ε̂qk0)

dΩk0

=

C1

∑

K′

r ,K3,k,k′

A(K2, K
′

r, K3, k, k′)

×
∑

N ′

r,N3

[

K2 K ′

r K3

N2 N ′

r N3

]

TK3

N3
(J3, J3, M3|Ĵ3)

× T
K′

r

N ′

r

(k, k′, q|k̂0) , (6)

A(K2, K
′

r, K3, k, k′) =

× (α3J3||Q(k)||α2J2)(α3J3||Q(k′)||α2J2)
∗ (7)

×
[

(2K2 + 1)(2J3 + 1)(2k + 1)

(2J2 + 1)(2K3 + 1)

]1/2






J2 K2 J2

k K ′

r k′

J3 K3 J3







.

The reduced matrix element in (7) is equal to

(α3J3||Q(k)||α2J2) =
√

2J3 + 1〈α3J3||Q(k)||α2J2〉 ,
(8)

the constant C1 = 1/(2π), and

〈α3J3||Q(k)||α2J2〉 = k
k+1/2
0

∑

p=0,1

[

k + 1

k

]1/2

× ik(−iq)p

(2k − 1)!!
〈α3J3||Qp

k||α2J2〉 (9)
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is defined in [10]. p = 0 indicates the operator of elec-
tric multipole transition (Ek) [15]

Q0
kq = −rkC(k)

q , (10)

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

Q1
kq = −1

c
[k(2k − 1)]1/2 rk−1 (11)

×
{

1

k + 1

[

C(k−1)× L(1)
](k)

q
+
[

C(k−1)× S(1)
](k)

q

}

.

Here L(1) and S(1) are operators of orbital and spin
angular momentum, respectively, C

(k)
q is operator of

spherical function normalized to [4π/(2k+1)]1/2 [16].
Note that the parities of electric and magnetic multi-

pole fields are (−1)k and (−1)k+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:

∑

M

TK
N (J, J, M |Ĵ) = δ(K, 0)δ(N, 0) , (12)

π
∫

0

2π
∫

0

YKN (θ, φ) sin θ dθ dφ =
√

4π δ(K, 0) δ(N, 0) .

(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 K0 = Ks0 = Ks1 = Ks2 = 0, Kλ0

= K ′

0 = K,
Kλ1

= K ′

1, Kλ2
= K ′

2:

d3σion
K2N2

(α1J1p0 → α2J2p2p1)

dε2dΩ1dΩ2
=

C2(4π)3/2[2K2 + 1]1/2

2(2J1 + 1)

∑

Kλ0
,K′,Kλ1

,Kλ2

Bion(0, Kλ0
, Kλ0

, Kλ0
, 0, K2, K

′, Kλ1
, 0, Kλ1

, Kλ2
, 0, Kλ2

)

×
∑

Nλ0
,N ′,Nλ1

,Nλ2

[

K2 K ′ Kλ0

N2 N ′ Nλ0

] [

Kλ2 Kλ1
K ′

Nλ2
Nλ1

N ′

]

Y ∗

Kλ0
Nλ0

(p̂0) YKλ1
Nλ1

(p̂1) YKλ2
Nλ2

(p̂2) , (14)

dW r
K2N2

(α2J2 → α3J3ε̂qk0)

dΩk0
=

1

2π(2J2 + 1)

∑

k,k′

[

4π

(2k + 1)(2K2 + 1)

]1/2

(−1)K2−N2+k′
−q
[

k k′ K2

q −q 0

]

A(K2, K2, 0, k, k′)YK2−N2
(k̂0) . (15)

In the case of N2 = 0, we have

dW r
K20(α2J2 → α3J3ε̂qk0)

dΩk0
=

1

2π(2J2 + 1)

∑

k,k′

(−1)K2+k′
−q
[

1

2k + 1

]1/2 [k k′ K2

q −q 0

]

A(K2, K2, 0, k, k′) PK2
(cos θk0

) , (16)

where PK2
(cos θk0

) is Legendre polynomial.
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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:

σ(α1J1 → α2J2 → α3J3) =
1

2(2J1 + 1)

×
∫

dε2

∫

dΩ1

∫

dΩ2

∫

dΩk0

∑

M1,M3,m0,m1,m2

d4σ(α1J1M1p0m0 → α2J2p1m1p2m2 → α3J3M3ε̂qk0)

dε2dΩ1dΩ2dΩk0
=

= σion(α1J1 → α2J2) W r(α2J2 → α3J3) . (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 A+.

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:

dσ(α1J1p0 → α2J2 → α3J3ε̂qk0)

dΩk0

=

1

2(2J1 + 1)

∫

dε2

∫

dΩ1

∫

dΩ2

∑

M1,M3,m0,m1,m2

d4σ(α1J1M1p0m0 → α2J2p1m1p2m2 → α3J3M3ε̂qk0)

dε2dΩ1dΩ2dΩk0
=

∑

K2,N2

σion
K2N2

(α1J1p0 → α2J2)
dW r

K2N2
(α2J2 → α3J3ε̂qk0)

dΩk0

. (18)

Here

σion
K2N2

(α1J1p0 → α2J2) = (4π)2
C2[4π(2K2 + 1)]1/2

2(2J1 + 1)
Y ∗

K2N2
(p̂0)Bion(0, K2, K2, K2, 0, K2, 0, 0, 0, 0, 0, 0, 0) ,

(19)



30 A. Kupliauskienė et al. / Lithuanian J. Phys. 48, 25–33 (2008)

and the expression for the second term is (15). The choice of laboratory z axis along the direction of incoming
electrons leads to Y ∗

K2,N2
(0, 0) = [(2K2 + 1)/4π]1/2δ(N2, 0), and then

σion
K20(α1J1 → α2J2) = (4π)2

C2(2K2 + 1)

2(2J1 + 1)
Bion(0, K2, K2, K2, 0, K2, 0, 0, 0, 0, 0, 0, 0) . (20)

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:

dσ(α1J1 → α2J2 → α3J3k0)

dΩk0

=
σion(α1J1 → α2J2)

(4π)2
W r(α2J2 → α3J3)

4π



1 +
∑

K2

βK2
PK2

(cos θ)



 , (21)

where

βK2
= αK2

AK2
. (22)

Here

AK2
=

(2K2 + 1)
∫

dε2Bion(0, K2, K2, K2, 0, K2, 0, 0, 0, 0, 0, 0, 0)
∫

dε2Bion(0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0)
(23)

is the alignment of a non-polarized atom ionized by non-polarized electrons, and

αK2
=

∑

k,k′

(−1)K2+k′
−q

[

1

2k′ + 1

]1/2 [k k′ K2

q −q 0

]

A(K2, K2, 0, k, k′)

∑

k
(2k + 1)−1A(0, 0, 0, k, k)

(24)

is the asymmetry parameter of an angular distribution of emitted electromagnetic radiation. The angle θ is measured
from the direction of projectile electron. The maximum value of K is determined by values of the total angular
momentum J2 of an intermediate state of ion and the multipolarity k of emitted radiation Kmax = 2 min(J2, 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:

d3σ(α1J1p0 → α2J2p2 → α3J3ε̂qk0)

dε2dΩ2dΩk0

=
1

2(2J1 + 1)

×
∫

dΩ1
d4σ(α1J1p0 → α2J2p1p2 → α3J3ε̂qk0)

dε2dΩ1dΩ2dΩk0

=

∑

K2,N2

d2σion
K2N2

(α1J1p0 → α2J2p2)

dε2dΩ2

dW r
K2N2

(α2J2 → α3J3ε̂qk0)

dΩk0

. (25)

The expression for the first term in (25) is

d2σion
K2N2

(α1J1p0 → α2J2p2)

dε2dΩ2
=

(4π)2C2[2K2 + 1]1/2

2(2J1 + 1)
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×
∑

Kλ0
,Kλ2

Bion(0, Kλ0
, Kλ0

, Kλ0
, 0, Kλ2

, Kλ2
, 0, 0, 0, Kλ2

, 0, Kλ2
)

×
∑

Nλ0
,Nλ2

[

K2 Kλ2
Kλ0

N2 Nλ2
Nλ0

]

Y ∗

Kλ0
Nλ0

(p̂0) YKλ2
Nλ2

(p̂2) , (26)

and that for the second term is (15). At z axis along the direction of incoming electrons, one gets N2 = −Nλ2
, and

d2σion
K2N2

(α1J1 → α2J2p2)

dε2dΩ2
=

(4π)3/2C2[2K2 + 1]1/2

2(2J1 + 1)

∑

Kλ0
Kλ2

[2Kλ0
+ 1]1/2 Bion(Kλ0

, Kλ2
)

×
[

K2 Kλ2
Kλ0

N2 −N2 0

]

YKλ2
−N2

(p̂2) . (27)

Here

Bion(Kλ0
, Kλ2

) = Bion(0, Kλ0
, Kλ0

, Kλ0
, 0, Kλ2

, Kλ2
, 0, 0, 0, Kλ2

, 0, Kλ2
) . (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, m2, averaging over m0, and integrating over the angles of scattered and
emitted electrons:

d2σ(α1J1M1p0 → α2J2 → α3J3ε̂qk0)

dε2dΩk0

=

× 1

2

∫

dΩ1

∫

dΩ2

∑

M3,m0,m1,m2

d4σ(α1J1M1p0m0 → α2J2p1m1p2m2 → α3J3M3ε̂qk0)

dε2dΩ1dΩ2dΩk0
=

1

2

∑

K2,N2

dσion
K2N2

(α1J1M1p0 → α2J2)

dε2

dW r
K2N2

(α2J2 → α3J3ε̂qk0)

dΩk0

, (29)

where Ks0 = Ks1 = Ks2 = K ′

2 = K ′

1 = K ′ = Kλ1
= Kλ2

= 0, Kλ0
= K ′

0, Kr = K, the laboratory z axis
coincides with the direction of incoming electrons (Nλ0

= 0), and

dσion
K2N2

(α1J1M1p0 → α2J2)

dε2
=

∫

dΩ1

∫

dΩ2

∑

m0,m1,m2

d3σ(α1J1M1p0m0 → α2J2p1m1p2m2)

dε2dΩ1dΩ2
=

C2

2
(4π)2

∑

K2,Kλ0
,K0,N2

[(2K2 + 1)(2Kλ0
+ 1)]1/2 B(K0, Kλ0

, K2)

[

K0 Kλ0
K2

N2 0 N2

]

× (−1)J1−M1

[

4π

2J1 + 1

]1/2 [ J1 J1 K0

M1 −M1 0

]

YK0N2
(Ĵ1) . (30)

Here

B(K0, Kλ0
, K2) = Bion(K0, Kλ0

, K2, Kλ0
, 0, K2, 0, 0, 0, 0, 0, 0, 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 J1. In the case
of choosing the direction of J1 to be parallel and anti-
parallel to the z axis which coincides with the direction
of incoming electron, YK0N2

(0, 0) = YK0N2
(π, 0) =

[(2K0 + 1)/4π]1/2δ(N2, 0), and the difference of the
cross-sections (30) is equal to

∆ =
∑

K2

dσion
K20(α1J1M1=J1 → α2J2)

dε2

×
dW r

K20(α2J2 → α3J3ε̂qk0)

dΩk0

, (32)

where

dσion
K20(α1J1M1 = J1 → α2J2)

dε2
= C2(4π)2

×
∑

Kλ0
,K0

[

(2Kλ0
+ 1)(2K2 + 1)(2K0 + 1)

2J1 + 1

]1/2

×B(K0, Kλ0
, K2)

[

K0 Kλ0
K2

0 0 0

][

J1 J1 K0

J1 −J1 0

]

. (33)

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

∆′ =
∑

K2

σion
K20(α1J1M1 =J1 → α2J2)

×
dW r

K20(α2J2 → α3J3ε̂qk0)

dΩk0

. (34)

The Clebsch–Gordan coefficient in (33) is not equal to
zero if K0 + Kλ0

+ K2 is an even number. Thus, hav-
ing in mind that K0 ≤ 2J1, one can expect a non-zero
magnetic dichroism for J1 ≥ 1 in the case of electric
dipole radiation (K2 = 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 (K2 = 0):

∆′′ = (35)

σion
00 (α1J1M1 → α2J2) W r

00(α2J2 → α3J3) =

1

(4π)3
σion(α1J1M1 → α2J2) W r(α2J2 → α3J3) .

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

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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POLIARIZUOTAIS ELEKTRONAIS JONIZUOTŲ POLIARIZUOTŲ ATOMŲ FLUORESCENCIJA
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a VU Teorinės fizikos ir astronomijos institutas, Vilnius, Lietuva
b Vilniaus universitetas, Vilnius, Lietuva
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Santrauka
Atomų ir jonų jonizacija elektronais – vienas svarbiausių

vyksmų laboratorinėje ir astrofizikinėje plazmoje. Tiriant tokių
vyksmų metu atsiradusių jonų būsenų suirimo produktus, galima
gauti daug naudingos informacijos ne tik apie atomo sandarą, bet
ir apie atomo ar jono sužadintas būsenas sukūrusius procesus ir
daugiadaleles sąveikas. Sužadinta būsena po vidinio sluoksnio
jonizacijos suyra, atomui išspinduliuojant fotoną (fluorescencijos
vyksmas). Elektronais jonizuotų atomų fluorescencija nagrinėjama
kaip sudėtingas procesas dviejų stadijų (etapų) artinyje. Nau-
dojant atomo teorijos metodus ir judėjimo kiekio momento gra-
finius metodus sutrikdytųjų bangų artinyje, surasta diferenciali-

nio skerspjūvio (tikimybės) bendroji išraiška, aprašanti visų pro-
cese dalyvaujančių dalelių poliarizaciją pradinėje ir galinėje būse-
nose, atplėštų elektronų ir fluorescencijos kampinius pasiskirsty-
mus bei jų tarpusavio kampines koreliacijas. Ji panaudota su-
rasti paprastesnėms diferencialinio skerspjūvio išraiškoms, kurios
reikalingos įvairiems eksperimente matuojamiems dydžiams ap-
skaičiuoti. Pateiktos elektromagnetinės spinduliuotės kampinį pa-
siskirstymą, kampines koreliacijas tarp fluorescencijos spinduliuo-
tės ir atplėštojo elektrono, fluorescencijos magnetinį dichroizmą,
jonizuojant nepoliarizuotus ir poliarizuotus atomus nepoliarizuo-
tais elektronais, nusakančios formulės.


