
PHOTO- IONIZATION OF KRYPTON

S. T. Manson and J. W. Cooper, Phys. Rev. 165, 126
(1968).

F. Combet Farnoux and Y. Heno, Compt. Bend. 264B,
138 (1967); F. Combet Farnoux, ibid. 264B, 1728 (1967).

H. Hall, Rev. Mod. Phys. 8, 358 (1936).
M. O. Krause, T. A. Carlson, and R. D. Dismukes,

Phys. Rev. 170, 37 (1968).
T. A. Carlson, Phys. Rev. 156, 142 (1967).
J. W. Cooper and S. T. Manson, following paper,

Phys. Rev. 177, 157 (1969).
W. Bothe, in Handbuch der Physik (Springer-Verlag,

Berlin, 1933), Vol. 23.2, and references therein.
J. Berkowitz and H. Ehrhardt, Phys. Letters 21, 531

(1966); and J. Berkowitz, H. Ehrhardt, and T. Tekaat,
Z. Physik 200, 69 (1967).

Z. Sujkowski, Arkiv Fysik 20, 269 (1961).
%. Bothe, Z. Physik 26, 59 (1&24); C. T, R, Wilson,

Proc. Roy. Soc. (London) Ser. A ]04, 1 (1923); P, Auger,
Compt. Rend. 188B, 447 {1929).

E. C. Watson and J. A. van der Akker, Proc. Roy.
Soc. (London) Ser. A 126, 138 (1930).

M. O. Krause, Phys. Rev. 140, A1845 (1965).
M. O. Krause and T. A. Carlson, Phys. Rev. 149,

52 (1966).
In Fig. 3a the continuum near the KrM4 5(MgX&)

line contains, however, a small contribution from
KrL2 3-MfMf Auger lines, and in Fig. 2 some weaker
photolines interfere.

~For a review see U. Fano and J. W. Cooper, Rev.
Mod. Phys 40 441 (1968).

Charge spectra reported in Ref. 19 can readily be
recalculated with the present experimental values for
multipje-electron ionization and for the various subshell
contributions.

F. W. Byron and C. J. Joachain, Phys. Letters 24A,
616 (1967), and Phys. Rev. 164, 1 (1967).

Some determinations of relative subshell cross
sections by the same method have recently been reported
by K. Siegbahn, C. Nordling, A. Fah1man, R. Nordberg,
K. Hamrin, J. Hedman, G. Johansson, T. Bergmark,
S. Karlsson, I. Lindgren, and B. Lindberg, Nova Acta
Reg. Soc. Sci. Upsaliensis Ser. 20, 1 (1967); J. A. R.
Samson and R. B. Cairns [Phys. Rev. 173, 80 (1968)]

used a retarding-potential method to determine subshell

contributions.
Preliminary data of the author on I and N subshell

cross sections of Xe show satisfactory agreement with
theoretical results of Ref. 7.

An attempt in this direction has been made by U. Fano
and J. W. Cooper (see Ref. 21).

PHYSICAL REVIEW VOLUME 177, NUMBER 1 5 JANUARY 1969

Photo-Ionization in the Soft X-Ray Range: Angular Distributions of Photo-
electrons and Interpretation in Terms of Subshell Structure

John W. Cooper and Steven T. Manson*f
¹tional Bureau of Standards, Washington, D. C. 20234

(Received 2 August 1968; revised manuscript received 25 October 1968)

The problem of determining the individual subshell contributions in atomic photoabsorption
is discussed. The general form of the angular distribution of photoelectrons in the soft x-ray
range for polarized and unpolarized incident photons is considered. Calculations of the sub-
she11 contributions within a centraI-field model and the angular distribution of electrons from
these contributions for photoabsorption in Kr in the energy range 200-1500 eV are presented
and found to show good agreement with the experimental results of the preceding paper.

I. INTRODUCTION

Absorption of radiation by atoms in the x-ray
range is ordinarily considered as a two stage pro-
cess. Radiation is absorbed and a single electron
is emitted from one of the various subshells of the
atom whose binding energy is less than the energy
of the incident radiation. This initial photo-ioniza-
tion process is followed by a rearrangement of the
remaining electrons in the ionic core, accom-
panied by emission of Quorescent radiation or by
secondary electrons. From this viewpoint absorp-
tion is considered as a single-electron process.

Direct measurements of the attenuation of radia-
tion, while they provide absolute measurements of
the absorption, provide no breakdown of the con-
tributions of electrons from various subshells.

However, such a breakdown can be obtained from
direct measurements of the energy distribution of
electrons following absorption. While this tech-
nique is not new, ' it has seldom been applied to
determine a breakdown of subshell contributions
to photoabsorption. Theory, on the other hand,
determines uniquely the various subshell contribu-
tions to photoabsorption when subshell structure is
explicitly represented by the wave functions de-
scribing the atomic system. Recent work'~ has
provided a breakdown into subshell contributions
and has demonstrated that moderately good agree-
ment with total absorption measurements may be
obtained. However, the partitioning of the total
absorption cross section into various subshell
components has never been verified experimentally.
The work described in the preceding paper4 rep-
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resents a step in this direction.
Actually the separation of the photoabsorption

cross section into various subshell components is
in itself an approximation valid only insofar as
absorption is a single electron process. Experi-
ments such as those. of the preceding paper may
thus be viewed in a broader framework as attempt-
ing to separate the part of the absorption which
is due predominantly to single electron excitation
from processes in which the excitation is shared
between two or more electrons.

The problem of inferring cross sections for
each subshell from measurements of ejected elec-
trons implies either a measurement or estimate
of their angular distribution, unless electrons are
collected over the full 4m geometry. Actually the
form of the angular distribution of photoelectrons
in absorption processes at moderate photon ener-
gies is quite simple. Earlier work on the angular
distribution of ejected electrons' focuses on the
effects of retardation and relativistic corrections
which become important at high incident photon
energies. More recently a simple form for the
angular distribution within the non-relativistic
dipole approximation has been used to predict the
angular distribution of electrons in photodetach-
ment processes. ' The form of the angular dis-
tribution of electrons emitted in photoabsorption
processes actually is but a special case of the
general problem of angular correlations, which
has been treated in detail for nuclear reactions. '
We will attempt here to relate these different view-
points.

II. THEORY

A. General Form of the Angular Distribution of Photoelectrons
for Polarized and Unpolarized Radiation

For a single-electron model it has been shown that
for polarized incident light the angular distribution
of ejected electrons will be of the form'~'

d&7(K, I&) o (K, I&)
[1+PP, (cosg)],

where o(Ã, If ) is the total cross section for ioniza-
tion of an electron with binding energy Ig and final
momentum K, and Q is the angle between the direc-
tion of polarization and the direction of outgoing
electrons P.

Equation (1) defines the angular distribution of
photoelectrons relative to the direction of polariza-
tion of the incident light. Unpolarized light can be
considered as the incoherent superposition of two
polarized beams with one polarization direction
lying in the plane defined by the incident photon
(K„) and final electron (Ã) directions, and the other
perpendicular to it. For unpolarized light the angu-
lar distribution of ejected electrons will then be

do(K, I&) o(Ã, I )
[1——,

' PP, (cos8)]

=2+9 sin'8, (2)

where 8= cos '(If' Ã~) is the angle between inci-
dent photon beam and the final electron direction.

Equations (1) and (2) may be obtained alterna-
tively by considering the photoabsorption process
with electron emission as a general scattering
process involving photons and unoriented atoms
initially and ions and free electrons finally;

Av+A A +e.

From this point of view, Eqs. (1) and (2) follow
at once from results derived some years ago con-
cerning the angular distribution of products in nu-
clear reactions. Yang" has shown that for un-
polarized radiation the general form of the angular
distribution in any reaction of the form of Eq. (3)
will be that given by Eq. (2), provided the absorp-
tion occurs via an electric dipole process. The
key points in this derivation are the following: (a)
only one direction in space (K„) is specified before
absorption takes place. This limits the form of
the angular distribution of electrons to do/dQ
=Qf afPf(cos8). (b) Odd values of l can only arise
from interference between final states of opposite
parity. For electric dipole absorption only final
states of a single parity will be present, so that
only even values of l can occur in the above ex-
pression. (c} When absorption takes place via
an electric dipole process, the value of / in the
above summation is restricted to l =0, 2, and
hence the angular distribution must be of the form
of Eq. (2)." The analogous result of Eq. (1) is
obtained by the same argument, except that now
the only direction specified is the initial direction
of polarization. "

The above considerations, although well known
in nuclear physics, have been treated in some de-
tail here since they have important implications
on photoelectron spectroscopy. First, Eqs. (1)
and (2) are general results which are valid for the
angular distribution of any particle ejected as the
result of electric dipole absorption. " They are
thus valid for photoelectrons from atoms or mol-
ecules, Auger electrons, electrons which result
from two-electron excitation, or ions or neutral
particles which result from molecular ionization
followed by dissociation. Deviations from the
form of these equations implies the presence of
absorption via processes other than electric di-
pole.

Second, the use of polarized light yields no new
information about the absorption process. A
single parameter [P of Eqs. (1) or (2)] is obtained
from the measurement of the angular distribution
of any particle at a given energy for both polarized
and unpolarized incident monoenergetic light.

B. Total and Differential Cross Sections from a Given Subshell

Within a central-potential model the cross section for photo-ionization pertinent to a given subshell can
be computed easily using the formulation of Ref. 3." The cross section for the nlth complete subshell
will be
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o I(e) =+vna0'(a+e I)[l R
I

I'+(I+1)R
I 1'].

)
(4)

Here &„l is the binding energy for a single electron in the nlth subshell, and & is the energy of the free
electron ln the final state. The factors Re l ~1 are dipole radial lntegrals which depend on the radial
wave functions for bound and free electrons;

I= f P I(r)P I „I(r)dr (6)

The one electron orbitals P„I(r) and P~I(r) are eigenfunctions of a given effective central potential appro-
priate to bound and free electrons. These orbitals satisfy the normalization conditions

f, P I'(r)dr=i, (6)

P (r)- e
' sin[a' 'r ——,

'
Im —e

' 'In2e' 'r+6 (e)], as r- ~.
el

(7)

In a central-potential model the angular distribution of ejected electrons is also completely specified for
each subshell. The differential cross section for polarized or unpolarized light will be of the form of Eq.
(1) or (2) with P(e) equal to"

I(l —1)R I 1'+ (I + 1)(I +2)R
I 1' —6l(l +1)R I IR I I[6I I(e) —6I I(e)J

8
(2l +1)[/R I I'+ (I +1)R I 1']

where Re I +I is given by Eq. (5) and the phase shifts 6I +I by Eq. (7).
Equations (1), (2), (4) and (8) provide a complete prescription for determining both the total contribution

of the photoabsorption cross section and its angular distribution within the framework of the central po-
tential model of Ref. 3.

III. CALCULATIONS AND COMPARISON
WfTH EXPERIMENT

A. Total Cross Sections and Cross Sections at 90'

Using the methods described in Ref. 3 the photo-
ionization cross section for each subshell of Kr
has been calculated for incident photon energies
of 100-1500 eV. The detailed results are shown
in Fig. 1 along with available experimental evi-
dence on total absorption in this range. " The
agreement is about the same as that obtained for
other calculations of this type'~ '; i. e. , the theory
predicts a sharper peak than experiment at a
lower energy. We expect the breakdown of the
total cross section into subshell contributions as
given by this calculation to be reasonably accu-
rate (10-20%) even near the maximum of absorp-
tion, and more accurate at higher energies.

A detailed comparison of these results can be
made with the data given in Fig. 2 of Ref. 4 by the
following procedure. First, we assume that re-
tardation effects are negligible and compute the
cross section at 90' from the incident beam
using Eqs. (2) and (8) for each incident photon en-
ergy and each subshell contributing. Next, since
the source contains several spectral lines, we
weight these contributions by the relative intensi-
ties of the various emission lines. Finally, we
weight each contribution by electron energy since
the electron spectrometer measures energy flux
and not number flux. Our results are normalized
to the largest peak in the experimental spectra,
M4 6(Lo) The computed values are plotted as lines
proportional to the electron energy flux at 90

The results are shown in Fig. 2. This com-
yarison shows clearly that the labeled peaks are

in fact due to single electron transitions and that
the intensities of these peaks are in good agree-
ment with our calculated results for individual
subshell contributions. It also shows that the
large contributions below the major peaks
M4 6(L~) and M2 3(L~), as well as the "back-
ground" below-630 eV, must be due to two-elec-
tron processes as stated in Ref. 4.

A direct comparison of the energy dependence of
the various subshell contributions as measured
and calculated may be made by plotting the ratio
of the cross section for each subshell to the
M~, (3d) contributions at 90' as a function of energy.

Fig. 3 shows such plots based on the calculated
cross sections and the data given in Table II of
Ref. 4. The results indicate agreement between
theory and experiment in both the value and the
trend of these ratios as a function of energy. The
experimental ratios are somewhat higher than we
calculate at energies below 500 eV and lower at
higher energies. This is consistent with a
broadening and shift to higher energies of the 3d
contribution.

B. Angular Distributions

With retardation neglected the angular distribu-
tion depends only on P in Eq. (2) or alternatively
on A+B sin'8 as in Table II of Ref. 4, where
P = 4B/(3A + 2B). In Fig. 4 we show a comparison
of P from our calculations with the data in Table II
of Ref. 4, over the entire energy range included
in our calculations. Also shown is the single point
obtained for 4p electrons from a 584 A source ob-
tained in a previous measurement. " Several
things are apparent from the data shown in this
figure. First, the asymmetry parameter P varies
rapidly for electron energies near threshold for
all subshells, implying rapid variation of either
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FIG. 2. A comparison of the photoelectron spectra (Fig. 2 of Ref. 4) for a Cu (I) source with calculated values of
the individual subshell contributions at 90'. The absolute cross sections calculated for each subshell are weighted by
the measured relative intensities of the various lines in the source and multiplied by electron energy. The smooth
curve is the experimental spectra and the lines indicate the values of the energy flux at 90' for each subshell component
(M&, M2, M3, or M4 5) corresponding to each spectral line of the source (e.g. I ~). The experimental curve is normal-
ized to the largest contribution M4 5 (&~) .

[1—(v/c) cos8]—4 —f. At the energies used in
Ref. 4 9p2/g'= p' is not much greater than unity.
Use of Slater screening'4 leads to Z values of 25
for 3s, 23 for 3P, and 19 for the 3d subshells,
and to values of 1.02, 1.3 and 2. 1 for p, re-
spectively, for electrons ejected by Mg(Zo, ). The
value for the 3d subshell (p' = 2. 1) is probably
large enough that the asymptotic form [1+6(v/c)
xcos8] for the retardation correction is adequate.
The data of Ref. 4 is consistent with this result.
However, for the 3s and 3P subshells the asymp-
totic form is not valid. For the 3s subshell and
p'-1 in Eq. (12), the correction factor is unity
to first order in (v/c) cos8, again in agreement
with the results of Ref. 4, which show little or
no shift in the angular distribution due to retarda-
tion for the 3s subshell. The same does not apply
for the 3P correction term. Eq. (13) vanishes for
p —1 (this would lead to an isotropic distribution)
and the form of the angular distribution will be
sensitive to the value of Z used for effective
screening for small p'. The sensitivity of the
correction factor estimated in this way on the

effective value of Z used means that estimates of
retardation effects using the simple approach
outlined above may be seriously in error. Also,
as noted in the Ref. 5 first-order Born approxi-
mation may make contributions of the same order
of magnitude as the zeroth-order estimates for
l ~ 1. Nevertheless these estimates indicate that
the effects of retardation indicated by the results
of Ref. 4 are consistent with what would be ex-
pected.

IV. FINAL REMARKS

The preceding section indicates substantial
agreement between the findings of Ref. 4 and the
theoretical results presented in this paper. This
is encouraging since' it means that central-field
model calculations may be used to obtain esti-
mates of the various subshell contributions and,
more important, that further experiments of the
type reported in Ref. 4 can be used to obtain addi-
tional information in regions close to thresholds,
where such calculations are expected to be in
error, as well as information on multiple electron
processes.
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FIG. 4. The asymmetry-parameter (p) for 3d (&),

3p (+) and 4p (0) subshells versus electron energy above
threshoM. x, + and 0 represent energies at which cal-
culations were carried out. Measured values of P from
Ref. 4 for 3p () and 3d (e) subshells are shown with
their estimated uncertainties. The results of Ref. 19
for the 4P ( ) subshell at 584 A (21.2 eV) is also shown.

FIG. 3. Ratios of the cross sections for various
subshells to the 3d cross section (at 90') versus photon
energy. (a) 3p and 3s, (b) 4p and 4s and their sums.
The theoretical ratios are plotted as curves and the
experimental values as points with their uncertainties
shown as error bars,

The general results presented in Sec. II on the
form of the angular distributions in dipole appro'xi-
mation and the discussion of retardation effects in
Sec. II and III, do not represent any new physical
results. However, we hope this treatment will be
useful to experimentalists in planning and inter-
preting)'future experiments.
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