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Angular Distribution of Auger Electrons Following Photoionization
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It is shown that the photoionization process of inner-shell electrons by unpolarized ra-
diation leads to an alignment of the ionized atoms. From the nonisotropic angular distri-
bution of the following Auger electrons the relative partial photoionization cross sections
can be determined.

It has been predicted by theory' Rnd confirmed
by experiment' that Auger electrons following an
inner-shell vacancy, caused by a directed unpol-
a,rized electron ox proton beam, may have a non-
isotropic angular distribution if an electron with

quantum number j& —,
' has been removed and if the

x'esulting atomic state has a quantum number J"
This is due to the different ionization proba-

bilities Q(&" IM" I) of magnetic sublevels M" of
the atomic state 0" resulting in an alignment of
the ionized atoms relative to the axis of the pri-
mary particle beam defining the quantization axis.
The angular distri. bution depends also on the final
atomic state of the Auger transition.

There arises the question whether Auger elec-
trons following an inner-shell vacancy produced
by photoloDizRtlon may Rlso hRve R nonlostx'oplc
distribution. The answer will be determined es-
sentially by the relative population Q(J"M") of
magnetic sublevels M" of the excited state with
quantum numbers S"L"J"M"after photoionization.
Cooper and Zare' have pointed out that the popu-
lation Q(S"I "Ms"M~") will be independent of Ms"
and M~", so that Q(J"M") also will be indepen-
dent of I". Therefore, a subsequent radiation is
expected to be isotropie and unpolarized, and
subsequent Auger electrons will show an isotxop-
i.c angular distribution. We cannot confirm this
result and will show that the relative population
Q(J"M") of atomic substates after photoionization

by unpolarized radiation depends on IM" I. This
yieMs a nonisotropie angular distribution of sub-
sequent Auger electrons which will be discussed.

The appropriate coupling scheme describing an
atomic state Rftex' the ionlzatlon of RD lnnel -8hell
electron n'l'j' is the SLJM scheme because the
fine-structure splitting is much larger than the
width of the fs levels. This holds also for the
final atomic state after the Auger transition.
Therefore, the atomic initial state will be char-
acterized by SI-JM, the atomic state after photo-
ionization by S"L 'W'M", and the atomic state
after the Auger process by StLtPMt. In order to
simplify the theoretical treatment, randomly
oriented initial atoms and unpolarized incoming
radiation may be assumed. In this case it can be
shown' ' that the summation over the magnetic
quantum number M" may be performed incoher-
ently provided the axis of quantization (z axis)
has been chosen to coincide with the direction of
the incoming radiation. This results in a form
of the angular correlation which can be described
by a two-stage process: The relative population
Q(Z"M") of the M sublevels of the atom after
photoionization ean be multiplied with the prob-
ability P(J"M"-PM m„8) dA of emission of an
Auger electron with spin projection m, (relative
to tile 8 axis) ln a solid angle dQ ln direction 0
with respect to the incoming radiation. The angu-
lar distribution of Auger electrons is then given
by

W(0) =(2J"+I) -' Q Q Q(Z"M")P(Z"M"-PM'm e)
N N~m

The relative populations Q(J'"M") of the atomic state after photoionization by unpolarized photons are
equal to the photoionization cross sections Q(Z-4"M") which can be calculated using the expressions
given by Cooper and Zare. We need the transition matrix elements for photoionization (electric-di-
pole approximation) between SLY coupled wave functions for the two basic states of circular polar-
ized photons Rnd with quantization axis defined by the direction of the incoming radiation. These ma-
trix elements follow from formula (III.21) given by Cooper and Zare with the modification of p, =+ 1 in-
stead of p, =O in the tensor operatox' C „' corresponding to the two circular states in the coordinate sys-
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tern defined above. Using the notation of Cooper and Zare (with corrected phase factor), one gets

(4'&lQ r, C&'l 4'&) =+ Q Q Q Q a(l, m)l &' 'n' '(cfog)c(n'l'-el)([L][S][J"][J])' '
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where c(n'l'-el) is the radial dipole integral J,"rR„., R„dr of the transition n'l'-el, n is the number
of equivalent n'l' electrons, (cfog) is the appropriate coefficient of fractional parentage, l, = max(l, l'),
and [K]=2K+1. The relative populations Q(J"M") are given by the incoherent addition of the two circu-
lar polarized states (p=+1) with half the total intensity. For the special case of a S, initial atomic
state, which is important for experimental investigations, this procedure yields

J
//

Q(J"M") =Q('Sc- J"M")=2m, 5s.i», 6~ti,i+ Q n(cfp) o (n'p'-el)l
$
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(3)

From Eq. (3) it can be seen that Q(J"M") depends only on IM" I and has different values for different
IM" I only in the case l' ~ 1. In the special case where an n'p electron of a filled subshell is photoion-

ized, one gets

Q(l I-:I)=ps[3+(~'p-ss)+~ +(~'p-~d)1, Q(balll) =m~[+(~'u-«)+ 5 +(~'p-~d)1. (4)

This result shows the pronounced alignment of
the atomic state after photoionization. Using the-
oretical values of a(n'p —ss) and o(n'p —~d), cal-
culated by McGuire, ' the relative populations
have been evaluated as a function of photon ener-
gy. Results for magnesium (n'l'= 2p) and calcium
(n'l'=3p) are shown in Fig. 1.

Experimentally, the alignment of atoms ionized
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FIG. 1. Relative populations Q(212I) (solid line) and

Q(sl &l) (dashed line) of the atomic state after photo-
ionization in magnesium (s'l' =2P) and calcium (n'l'

=3p} as a function of photon energy Ei, & in units of the
binding energy Ez of the n'l' electron. The results have
been normalized to 1.0 for the total population.

l in an inner shell n'l' can be measured either
through the angular distribution of the subsequent
Auger electrons, or through the partial polariza-
tion of the competing characteristic x radiation.
Because we believe that the measurement of the
angular distribution of Auger electrons is easier
to perform, we discuss this case only. The cal-
culation of the angular correlation W(8) of the
Auger electrons [Eq. (1)1 is quite identical with
the procedure of calculating the angular distri-
bution of Auger electrons following an inner-
shell ionization caused by a directed unpolarized
electron or proton beam. ' If the final state has
Jf =0, then only one partial wave of the Auger
electron is emitted, and the angular distribution
of the Auger electron depends only on the relative
populations Q(J" IM" l) and takes the simple form

W(8) = I +AP, (cos8),

where P,(cos8) is a Legendre polynomial and

with the Q(J" IM" I) being those of Eq. (4) assum-
ing the atom is in a 'S, state before photoioniza-
tion occurs. In Fig. 2 the asymmetry coefficient
A. of the angular distribution of Auger electrons
following photoionization in magnesium (m'l'= 2p)
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FIG. 2. Asymmetry coefficient A. of the angular cor-
relation function of Auger electrons following photoioni-
zation in magnesium (n'l' =2P) and calcium (n'l' =3p) as
a function of photon energy E» in units of the binding
energy E~ of the &'I' electron.

and calcium (n'l'= 3p) is plotted as function of the
energy of the incoming unpolarized radiation. We
have selected these two examples to demonstrate
the striking differences in the angular distribu-
tion of Auger electrons of different elements.

Generally' it can be shown that in the dipole ap-
proximation of the photoionization process, the
angular distribution of Auger electrons following
photoionization by unpolarized radiation has the

form

W(()) = 1+A&,(cos()),

where the coefficient A. is a function of two par-
. tial photoionization cross sections. So it should
be possible to determine the ratio of these two
partial cross sections by a measurement of the
angular distribution of Auger electrons following
photoionization. Experimental investigations are
in progress.

We are indebted to Professor U. Pano for his
comments on the manuscript and to Mr. W.
Schmitz and Mr. W. Windbracke for discussions.
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The apparent pressure dependence of the reduced mobility of potassium ions in various
gases, reported by Elford, is explained in terms of diffusion effects and reversible reac-
tions involving clustered ions.

In a recent paper' Elford has reported measure-
ments of the mobility of potassium ions in helium,
neon, argon, hydrogen, and nitrogen. All the
measurements evidence a variation of the re-
duced mobility with pressure for constant drift
energy (i.e. , E/V, where E is the drift field and
N the neutral gas number density' ). This implies
either three-body elastic collisions or the pro-
duction of a long-lived ion-neutral cluster. At
the pressures used in Elford's drift tube (1-20
Torr typically), the gas density is so low that the

former possibility may be ruled out (since the
average molecular separation is about 1000 A).
On the other hand Elford claims that his observa-
tions are not consistent with clustering since his
data would imply mobilities of the ion and the ion
cluster which seem too similar (3% difference,
assuming equilibrium between the ions and the
clusters). One is then left with a contradiction
between experiment and the kinetic-theory trans-
port equation. ' Since this raises questions of
some consequence it seems appropriate to review


