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Angular distribution and spin polarization of Auger electrons following photoionization and

photoexcitation are presented in concise parametrized expressions. The striking similarity with

corresponding expressions for photoelectrons enables one to apply kinematic properties known
for photoelectrons in analyzing Auger electrons.

I. INTRODUCTION

Through collision processes, an atom can be ion-
ized or excited such that the ion or atom is left in an
excited state. In the deexcitation of the ion or atom,
the transition energy can be carried off either by the
emission of photons (fluorescence radiation) or by
the ejection of electrons (Auger electrons or autoion-
ization electrons in specific cases) or both. Auger
transitions, in particular, are more sensitive to the
detailed atomic structure than many other measurable
atomic quantities. ' To obtain a complete analysis
of the Auger electron, we need to measure its energy
or momentum, angular distribution, and spin polari-
zation and compare them with those from theory.
Cleff and Mehlhorn4 have derived angular distribu-
tion of Auger electrons following impact ionization
by unpolarized projectiles in terms of the relative po-
pulation of magnetic substates (or equivalently the
state multipoles defined by Fano~). The quantum-
beat phenomena and the effect of hyperfine interac-
tions in the angular distribution have also been treat-
ed by Mehlhorn and Taulbjerg and by Bruch and
Klar. 7 Spin polarization of Auger electrons has been
analyzed by Klar in terms of the state multipoles;
however, no convenient expressions were given. By
considering a special case, Kabachnik has obtained
slightly improved expressions similar to those of
Klar. Nevertheless, none of the previous authors
has given expressions relating the angular distribution
and spin polarization of Auger electrons to the initial
excitation processes. We present concise general ex-
pressions for the angular distribution and spin polari-
zation of Auger electrons following photoionization
or photoexcitation including the quantum-beat
phenomena and the effect of hyperfine interactions
with the nucleus. These expressions have exactly the
same form as those for photoelectrons when the ini-
tial atom is excited or ionized in the electric dipole
transition. This striking similarity enables one to ap-

ply kinematic properties known for photoelectrons'
in analyzing Auger electrons. Here by kinematic prop-
erties, we mean properties such as the ranges of

dynamical parameters, functional forms of measured
quantities in terms of dynamical parameters, func-
tional relationship between measured quantities, and
transformation properties.

We assume the experimental condition where the
incident photon, in an arbitrary polarization state, has
a coherent broadband centered around cu; = c

~ k; ~.

The incident photon fields are linear sums of electric
—(EJ,.)

multipoles A '
(k& r ) and magnetic multipoles

(~j,)
A (k; r ), where j, is a positive integer signifying
the multipolarity. For examples, E1 denotes the
electric dipole, Ml the magnetic dipole, E2 the elec-
tric quadrupole, etc. We also assume that the target
atom is unpolarized and has a we11-defined angular
momentum J0, while its unpolarized nucleus is in an
angular momentum state L The incident photon ei-
ther excites or ionizes the target atom and leaves the
excited atom or residual ion in a coherent superposi-
tion of angular momentum states J . Here the sub-
script n is the channel index making the provision for
different photoexcitation or photoionization channels.
In the case of photoionization, there is, in addition, a
total channel phase shift o- associated with channel
n. The excitation or ionization processes are charac-

(E~,.)
terized by the reduced matrix elements, D ' and

D ', of multipole transitions.
(mj,.) 10

Because we start from a relativistic formulation, all
fine structures of the atomic spectrum are built in
from the outset. Assume the excited atomic ensem-
ble has a sufficiently long lifetime such that the elec-
trons can couple with the nucleus through the hyper-
fine interaction. The coupled electronic and nuclear
state has a total electronic enery E and is identified
by ~

(J I)EM), where F is the total angular momen-
tum of the combined electronic and nuclear system.
This excited system will eventually decay, with a de-
cay constant y, either through Auger processes or
by emitting photons. The results for the radiative de-
cay have been presented. " We consider here only
the Auger processes with one emitted electron. As-
sume that the Auger electron has a linear momentum
k p, and the final ion is in an angular momentum
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state Jtt, where P is the Auger channel index. Again,
we define a total channel phase shift o.

p and the re-
duced matrix element d p for the Auger transition. '

During the time between excitation and decay the
combined electronic and nuclear ensemble will evolve
in such a way that each component

~ (J I)FM) of
the coherent superposition has a phase exp( —iE t/t).
The phase difference, exp[ —t'(E E) t/—h], due to

slightly different energies of various components
leads to a time modulation, or quantum beats with
frequency ro ~ —= (E . E)/—tt, of the Auger-electron

signal.
Under the experimental condition mentioned

above, we define a fixed (at the target) coordinate
system XYZ such that the Z axis is in the direction k t

of the incident photon. The Xaxis can be chosen in
any convenient direction because the Stokes parame-
ters S~, Sq, and Sz of the incident photon are deter-
mined accordingly. A simple relationship between
the Stokes parameters and the degree, type, and
orientation of the photon polarization has been
given. ' We also define a coordinate system xyz asso-
ciated with the emitted electron, where the z axis,
making an angle 8 with the Z axis, is in the direction
k p of the Auger electron, and the y axis is perpendic-

ular to the scattering plane, i.e., y" = Z x i/~ Z && z~.
The spin polarization of the Auger electron is defined
in the xyz coordinate system as P„(8,$), P~(8, P),
and P, (8, $), where (8, P) defines the orientation of
kp with respect to the fixed XYZ coordinate system.

In such defined coordinate systems, we obtain an-
gular distribution and spin polarization of Auger elec-
trons following photoionization or photoexcitation in-
cluding all multiple transitions; the expressions are
similar to those for the fluorescence radiation. " The
detailed derivation and explicit expressions will be re-
ported. For the present purpose, we discuss only the
important case where the initial atom is excited or
ionized in the electric dipole transition.

When the size of the atomic system is small and
when the photon energies are low, the initial excita-
tion is predominantly due to electric dipole transi-
tions. The angular distribution and spin polarization
of Auger electrons following electric dipole photoex-
citation or photoionization are given by

dW(8, $) ~ F(8 ~)
dQ 4m

where the angular distribution function is

F(8, $) =1 —
—,P[Pq(cos8) + —,(Szcos2$+Srsin2$)sin 8] (2)

and

P„(8,qh)F(8, @)= [$Sz+g(Srcos2$ —Szsin2qh)] sin8,

P„(8,@)F(8, Q) = q(1 Szcos2$——Sr sin2$) sin8cos8,

P (8, Ijh) F(8, y) = (Szcos8

(4)

Here Wis the total Auger rate per incident photon
flux, P is the angular asymmetry parameter for
Auger electrons (not the same quantity as the pho-
toelectron P), and (g, g, $) are the spin-polarization
parameters. These five dynamical parameters have
the explicit forms when the initial atom is photoion-
ized

(6)

and

J3 lp+jp+ — Jp
( —)

2
a p 2

ap

Jp 1
C] coso

1

(9)

Jp Jp
P= ( ) $ t ] Cpcoso apap '

a p 2 2

p t

where we have used the notation [Jp] —= (2Jp+1)'t,
and

»~ [.]' ' [J ]'[J]'
a

3 lp+jp+ — Jp
( —)2JS, ,a p 2

ap

1

~ I ~

i/2(=(T) g t t C)coso
a p 2 2
ap

Jp 2
C2sino-

1 a pap
2

(10)
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In Eqs. (8)—(11), we have defined

J0+J'+J-J +J +i+—'
1 J J l

c,=(-) ' ' (»pJ'Jp](i]' » J8' 0

J' J i (Ja Jn i (FF]2 F' F i
J J ' ' ' JdpdpDD 2 J J J expl. —(y+y)/l

a aJa&'Jpjp p, p I a a
(12)

o-, , = o-, —o- +o-, —o-p +o, ta pap a ~ p ae (13)

(14) 8=
3 (f —2g) (18)

'p' J'J' 'p-'JJ ~pF]c

(15)

Pg =Py=0

J', =sS, (17)

where the total spin-polarization parameter 5 is given

If the initial atom is photoexcited, the corresponding
dynamical parameters can be obtained from Eqs.
(7)—(15) by setting j and o. =0, and removing all

quantities having a (j,i ) signature. If we are not in-

terested in the effect of hyperfine interactions or if
the nuclear spin Ivanishes, we can either set J =0 or
ignore quantities inside large square brackets in Eqs.
(7) and (12) and disregard summations over F. If
the experimental resolution of the Auger electrons is
not high enough to see the quantum beat, a time
average of the parameters can easily be performed.
When the incident photon has a well-defined energy
or is in an incoherent energy state, no quantum-beat
phenomena can be observed. In that case, we set
J' =J, F'=E, y' =y, and co r =0, and eliminate

the summations over J and F.
It is of interest to note that the angular distribu

tion and spin polarization of Auger electrons, Eqs.
(1)—(5), have exactly the same forms as correspond-
ing ones for photoelectrons. ' Consequently, all the
kinematic properties known for photoeiectrons in the elec
tric dipole transition also apply to corresponding Auger
electrons. In the fixed coordinate system XYZ, the
spin polarization of Auger electrons is given by Eqs.
(5.25)-(5.27) of Ref. 10. The spin polarization of the
total Auger-electron flux is then given by

I+4P, —l«p«—
[3P(I —P/2)]'', —, «P«2

I~ I «((I +P) (I —P/2) ]'i', (20)

and also

(21)

1, —1«~P«5
—,(2-p)+(-, P(2-p)]'", —, -p-2 .4

(22)
We note that when P reaches its maximum value 2
the spin polarization must be zero, and that when P
attains its minimum value —1 there will be no spin
polarization perpendicular to the scattering plane de-
fined by the Z and z axes.
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Examples of special cases of Eqs. (I)—(5) are given
by (5.31)—(5.47) of Ref. 10. The maximum Auger-
electron polarization can be analyzed as in Eqs.
(5.48) —(5.53) of the same reference. It is obvious
that the range of P is restricted by —1«P «2.
Kinematic relations between the angular distribution
parameter P and the spin-polarization parameters g,
q, and fare
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