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Selective population of ionic states produced in photoionization by linearly polarized light
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The elements of the statistical tensors describing the anisotropy of an ionic state are calculated for
photoionization induced by linearly polarized light. Depending on the orbital angular momentum of the
ionized subshell, there are some special photoelectron emission angles that correspond to selective popu-
lation of a magnetic sublevel. We point out that, if only one magnetic substate is populated, then the ele-
ments of the statistical tensor depend only on a geometric factor that is independent of the orbital angu-
lar momentum of the photoelectron.

PACS number(s): 32.80.Fb, 32.80.Hd

INTRODUCTION

Coincidence experiments which study an angular
correlation frequently provide more dynamical informa-
tion than does a noncoincident measurement. In coin-
cidence measurements, performed by using polarized
beams, the information may be very detailed and states of
specific properties may be prepared.

We study the photoionization process followed by an
Auger decay where both electrons are detected. The an-
gular correlation between the photoelectron and the
Auger electron reflects the alignment of the decaying ion-
ic state produced in angle-resolved photoemission [1].

The alignment is determined by the population of va-
cancies in the production of the decaying state. General-
ly the decaying state with a vacancy in a subshell with to-
tal angular momentum j is described by the spin density
matrix ( jm ~p~ jm'). The possibilities of the production
of pure states in charged-particle-induced reactions was
discussed by Fano and Macek [2]. The selective popula-
tion of the vacancy with mI =0 in the shell with orbital
angular momentum I can be realized if the incident parti-
cle is measured at zero deflection angle [2] or if the in-
cident energy is close to the threshold of an excitation
process [2,3]. In other cases we cannot produce a pure
state because of the complexity of the vacancy-
production mechanisms. In this paper we study the
selective population of magnetic sublevels in photoioniza-
tion induced by linearly polarized light and we discuss
the behavior of the elements of the statistical tensor
describing the alignment of the ionic state.

THEORETICAL FRAMEWORK

Yt (0,$)=5 2l +1
(2)

the vacancy must have mt =0 and therefore ~m~ ~

=
—,'.

The selective population of a magnetic substate, which
is based on relation (1), can be regarded as an important
feature of photoionization. Considering relation (1) and
the properties of the spherical harmonics, the specific an-
gles of the photoelectron emission, which are character-
ized by the selective population, may be identified. From
Eq. (2) and the similar relation for the emission at 180'

' 1/2

Y, (m., p)=5 0(
—1)' (3)

it is apparent that at photoelectron ejection to 0 and
180', independently of the angular orbital momentum of
the ionized subshell, the vacancy has mi =0 and therefore
/m, /

=-,'.
A further special photoelectron emission angle, at least

in the photoionization of p and d subshells, is 90'. For
this angle, in photoionization of a p subshell, the vacancy
has mt =0 and therefore ~m.

~

=
—,'. In fact, if the photo-

electron is emitted as an s wave, according to relation (1)
mi =O. If the photoelectron is a d-wave elelctron, since

Y2, (90', p)= Y2, (90',$)=0

which means that the projections of the orbital momenta
l and l ' of the electron before and after the photoioniza-
tion are identical. When the photoelectron is detected
along z, taking into account the value of a spherical har-
monic at zero polar angle as

' 1/2

It is convenient to choose the axis of quantization z
along the direction of linear polarization. In this
geometry the photoionization calculated in dipole ap-
proximation has the selection rule

m, =ml', (1)

and

Y~o(90 Q)= ~&5/m (4)

only the mI =0 vacancy is populated.
In the photoionization of a d subshell at the emission
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and

Y3O(90', p) =0,
Y3z(90', p) = Y3 2(90', p) =0,

Y»(90,$)= —,'&21/ne'~,

(6a)

(6b)

only the population of
~ m& ~

= 1 state is allowed.
The anisotropy of an ionic state produced by impact

ionization of the subshell with the total angular momen-
tum j can be described by a set of statistical tensors

p„~(j) expressed in terms of the matrix elements of the
spin-density matrix ( jm ~pj~m') by the relation

pk
= g (

—l)J (jmj —m'~kq)(jm ~p~jm') .
m, m'

(7)

angle of 90', the vacancy has ~m& ~

= l. In fact, the inten-
sity ofp-wave electrons emitted at 90 with ml =0 is zero,
while for

~ mi ~

= 1 the intensity is maximal,

Y&o(90', P)=0, Y&&(90',P)= &—3/8vre'~ .

If an f wave -photoelectron is emitted then according to
the relations

Here m, is the spin projection of the photoelectron. The
dipole matrix element ((I'—,')j'm'~z~(1 —,')jm ) can be ex-

pressed by the reduced matrix element M„. nl

((I '
—,
' )j 'm'~z~(1 —,

'
)jm )

1
(jm 10~j 'm')U(1 ,' lj '—,jl')M, I ~ „&, (12)

see, for example Ref. [5]. We assume that M,I.„I does
not depend on the total angular momentum of the photo-
electron. Here &=&2a+1 and U(abed;ef) is the Jahn
coefficient

a b e
U(abed;ef)=( —1)'+ +'+ ef '

d c f

Using Eqs. (7) and (10)—(12) the poo and pk statistical
tensors have the form

In the decay of the ionic state, the angular distribution of
decay products are completely determined by a set of ten-
sors pk~. This angular distribution can be given [4] as

poo= g (101 'm ~lm )(101"m ~lm ) Y& (k, )

I, I-, m

X Yi' (k, )M,I.„IM;I . „I (13)

8'o 4m
W(8, $)= 1+ gak QAkq(j)4~, q 2k+&

X Yk (8,$)

1/2

(8)

and

pk =( —1)' U(1—,'kj; jl)
I

X g (
—1) (Iml —m'~kq)(10I 'm~1m )

I', I",m, m'

Here al, depends on the decay process and Ak are the
statistical tensors

X ( 101"m '
~
lm ') YI (k, ) YI' ~ (k, )

pkq J
(9)

X Mpl ', nl~pl ",nl (14)

( jm ~p(k, )~jm') = gF (k„m, )F .(k„m, ), (10)

normalized so that Aoo= l.
We calculate the statistical tensors pkq for the case of

ionization produced by linearly polarized light with emis-
sion of a photoelectron of momentum k, . Now the spin-
density matrix elements are built up as

Now we determine the elements of the statistical tensors

Akq for the case when only one magnetic substate with

mo is allowed to be populated due to the special angle of
the photoelectron ejection. Then the sums over the mag-
netic quantum numbers in Eqs. (13) and (14) are restrict-
ed to the sums of two terms depending on mo and —m o.
In this case (

—1) (lml —m'kq) can be factored out of
the sum in Eq. (14). Using Eqs. (9), (13) and (14) and the
symmetry properties of spherical harmonics and Clebsh-
Gordan coefficients Ako with even k is given by

where F (k„m, ) is the a.mplitude of the photoioniza-
tion in dipole approximation

(k„m, ) = (k„m, ~z~ jm )

Ai, o=( —1) l(lmol —mo~k0)U(l ,'kj;jl)—
and Akq with q =2mo, mo&0 appear as

(15)

(16)Ak~
= e '1(lmolmokq)U(l ,'kj;j1 ) . —( 1)I

X ( ( I'
—,
'

)j'm '
~z

~ ( I—,
'

)jm ) . (11)
Summing over the magnetic quantum numbers in the

expression (14), we obtain
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p„(j,k, )=(—1)"+'

X g ( l 'Ol "0
~
KO)—Y~q ( k, ) g ( —1 }"(2x + 1 )

'

1
K X

X (10xq~Eq)(10xq~ kq) .

I' I" I(

1 x I

(17)

This formula, given for photons linearly polarized along
the z axis, can be regard as a special case of the general
formula presented by Berezhko and Kabachnik [6] in
terms of the photon density matrix.

I

k & 0 for the p and d shells at photoelectron emission an-
gles of 0' and 180' are

I 3/2' ~ 20 1~ d3/2' ~ 20

RESULTS

Equations (15) and (16}show that the nonzero elements
of the Ak tensor at special photoelectron ejection angles
contain only geometric factors and they are independent
of the orbital angular momentum of the photoelectron.
The nonzero elements of the Ak statistical tensors for

2&2 1/2
d5/2' ~ 20 &

~ 407

and at 90'
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FIG. 1. The elements of tensor Azq for photoionization of a p
subshell induced by light linearly polarized along the z axis.
The photoelectron is ejected in the xz plane with angle 0. The
curves have been calculated by using Eqs. (9) and (17). To ob-
tain the values valid for a subshell with j=— the functions
should be multiplied by 1/&2.

FIG. 2. The same as Fig. 1, but for photoionization of a d
subshell. The elements of tensors A», A4, are not presented
here. The multiplicative factors are the following: for the j=

2

subshell, ( —,
' )', and for the j=—' subshell for A2q and A4q,

2/&5 and 1/&3, respectively. The solid lines correspond to p-
wave photoelectron emission, the dashed lines denote the curves
for f-wave photoemission.
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~20 = —1

i2~
d3/2 20 Y~ A 22 A 2-2 2&2

i 2+
d A = —( —')' A =A* = —

( —')'5/2 20 7 & 22 2-2 7

v'2 +5 i 2+
40 ~ ~ & 42 4-2

A deviation of the measured and theoretical values at the
special photoelectron ejection angles would imply a viola-
tion of the two-step concept of dipole photoionization fol-
lowed by Auger decay.

Using Eqs. (9) and (17) we have calculated the elements
of the A&q tensor for p- and d-shell ionization as a func-
tion of the polar angle of the photoelectron ejection at
zero azimuthal angle. For the sake of simplicity we as-
sume that the photoionization is dominated by one of the
two allowed angular orbital momenta of the photoelec-
tron. Since pk~(j, k, ) now depend on the total angular
momentum j only through a 6j symbol, which is a simple
multiplicative factor in Eq. (17), we present the Al, func-

tions in the figures without the

I —,
' j

j k I

l —,
' j

= U(l —,'kj; jl )
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j 0 I

factor. As Figs. 1 and 2 show, at the selective angles dis-
cussed above, AI, does not depend on the orbital angular
momentum of the photoelectron and its values are the
same as given by expressions (15) and (16).
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