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Energy spectra of electrons ejected from M and N subshells of krypton by characteristic x
rays of 300 to 1500 eV energy have been measured with an electrostatic analyzer. Krypton
was irradiated in the gas phase and electrons were detected perpendicular to the x-ray beam.
From these spectra, relative subshell contributions to the photo-ionization cross section were
obtained for single-electron emission and for double-electron emission, the latter involving
simultaneous transitions of M and N electrons. Angular distributions of photoelectrons from
3s, 3p and 3d shells of krypton and 1s shell of neon also have been determined at excitation
energies from about 200 to 1100 eV above the respective ionization thresholds. Data on
relative cross sections for single photo-ionization corroborate a theoretical model which
uses a Herman-Skillman central potential (Cooper and Manson in the following article).
Angular distributions agree satisfactorily with calculations by the same model; this means
theory makes dependable predictions regarding the asymmetry parameter and the effect of
retardation. Data on double photo-ionization disagree with results of the electron shakeoff
theory which accounts for only about half the observed intensities. This suggests that

electron-electron correlation plays an important role.

I. INTRODUCTION

Since the conception of the hydrogenic model of
photo-ionization it has been known that this model
would become increasingly inadequate with de-
creasing photon energy and increasing quantum
number of the electrons.! Recent experimental
studies?™5 of total photoabsorption cross sections
of rare gas atoms have shown its complete failure
in the soft x-ray region. On the theoretical side®
great improvements were achieved by using a
more realistic central field than given in the hy-
drogenic approximation. Aside from causing the
familiar sharp absorption edges to disappear, the

new treatment”,® of photo-ionization resulted in
irregular patterns of the individual subshell cross
sections, both in magnitude and energy dependence,
in contrast to the predictions of the hydrogenic
model.® It is this behavior that makes measure-
ments of subshell cross sections desirable, even
on a relative basis, thus providing a direct test

of specific results of theory. In the present study
this was done by measuring the energy spectra of
photoelectrons escaping from M and N subshells
of krypton. Observation of photoelectrons from
free atoms excluded complications arising from
solid state or chemical effects and singled out
photo-ionization events proper from other proces-
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ses that enter in most of the conventional deter-
minations of photo-ionization cross sections. As
a further advantage of the present method, single-
electron transitions could be distinguished from
double (multiple)-electron transitions in a manner
described previously.0 1!

Relative subshell cross sections for single and
double photo-ionization were obtained at right
angles to the x-ray beam in the energy range
from 300 to 1500 eV. Data for single-electron
emission give strong support to a theoretical
model which is based on a realistic central po-
tential of the atom; experiment and theory are
compared in the companion article by Cooper
and Manson.!? Data on double photo-ionization,
involving an MN pair of electrons, are compared
in Sec. III. B with results of the electron shake-
off theory which was employed earlier to inter-
pret observations on KL photo-ionization of neon
and argon and KM ionization of argon.®

Another important facet of photo-ionization is
the angular distribution of the escaping electron.
Besides being a requisite for conversion of (mea-
sured) differential cross sections into total cross
sections the measurement of the directional de-
pendence of photoelectron emission subjects
theory to further sensitive tests: 1) It determines
the parameters A and B of the angular distribution
function J (0) =A + B sin%0 or, alternatively, the
asymmetry parameter $=4B/(3A + 2B) whose de-
pendence on atomic quantities is given by Eq. (11)
of Ref. 12; and 2) it determines the effect of re-
tardation. It is worthwhile to mention that the
parameter 8 has not been measured or calcula-
ted previously except for some early qualitative
estimates’® and some recent measurements by
Berkowitz et al.'* at an isolated photon energy of
21 eV. Retardation, however, was the subject

of many investigations!,*3,!% in the hard x-ray
region where its effect is greatest, but investiga-
tions in the soft x-ray region have not been under-
taken. In this paper angular distributions are re-
ported for photoelectrons from 3s, 3p and 3d sub-
shells of krypton and from 1s shell of neon at
relatively low photoelectron energies of 200 to
1100 eV. The present experiment combines ad-
vantages of previously used methods, namely,
gaseous target® and differential energy analy-
sis.15,17 Results are presented in Secs. III. C and
D, whereas theoretical details of this aspect of
photo-ionization are given in Ref. 12.

II. EXPERIMENTAL

A sketch of the apparatus is shown in Fig. 1.
The device differs from the previously described
instrument!® in the addition of a rotatable source
chamber, an improved compensation of stray
magnetic fields and the use of a new miniature
x-ray tube with exchangeable target. X rays
were collimated to a narrow beam of small di-
vergence, @s51°, and electrons emitted into a
cone with apex angle of 2° about the electron-op-
tical axis were analyzed and detected individually
by a DuMond SP174 electron multiplier. K and L
lines from various anodes were utilized; a poly-
styrene filter of 20 pg/cm? for radiation below

KRAUSE 177

SPHERICAL SECTOR
PLATE ANALYZER

X-RAY TUBE

TOP VIEW

ELECTRON
MULTIPLIER

ROTATABLE CHAMBER

SIDE VIEW

FIG. 1. Schematic of apparatus. Turret chamber
allows continuous variation of angle between x-ray and
electron-optical axis from 20° to 145° and from - 20°
to —90°

600 eV and of 65 ng/cm? above 600 eV separated
the x-ray tube from the gas cell. Gas pressures
were in the order of 102 Torr in the source, less
than 2X 105 Torr in the analyzer and less than
1X107¢ Torr in the x-ray tube. The angle between
directions of photons and observed electrons could
be varied continuously from 20° to 145° and from
—20° to — 90°. The x-ray tube could be rotated
about the collimator axis to explore possible pres-
ence of any polarization of the photons.

Electron spectra were recorded by applying a
repetitive dc biased sawtooth voltage to the analy-
zer plates and storing the signals in the memory
core of a multiscaler synchronized with the saw-
tooth. Ordinarily, each scan comprised the en-
tire energy range in which photoelectrons pro-
duced by a given x-ray line should appear. For
most of the runs the resolution of the instrument
was set to AE/E =1.5% (full width at half-maxi-
mum), and in some cases an improved resolution
of 0.9% was used. All measurements of electron
spectra were performed at an angle of 90° between
photon and electron propagation directions. In
each experiment an excellent signal-to-background
ratio was achieved due to the low noise level of
the detector, about 0.4 counts/min, and the
strengths of the characteristic x-ray lines above
the underlying bremsstrahlung continuum.

For angular measurement voltages of the analy-
zer were set to the peak of the photoline under in-
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vestigation and the position of the x-ray tube was
changed in steps. Angular resolution was (4 +0.7)
deg, as given by the divergence of both x-ray and
electron beam., Measured intensities were multi-
plied by f sinf to normalize to constant source
volume. The factor f increased from 1.00 at 0
=+90° to 1. 07 £0.03 at 6 =20°(160°) and was de-
termined from auxiliary runs on the Ne 1s-2p2p
Auger line which has a spherically symmetrical
intensity distribution. It accounts for a combina-
tion of errors introduced by the possible inhomo-
geneity of the finite source, inelastic scattering
losses, and possible deviation of the actual angle
from the indicated angle. Gas pressure proved

to be sufficiently steady with fluctuations of less
than 2%, and x-ray flux was controlled manually
by reference to the reading of a Faraday-cup
monitoring device. A potential change in the in-
tensity of the characteristic x-ray lines was checked
by referring periodically to the photoelectron count
rate at 6=90°. To insure against distortions from
elastic scattering a number of runs were made at
different pressures, and to verify the symmetry
of the arrangement as well as insensitivity to the
magnetic field of the filament current of the x-ray
tube, data were also taken at negative angles.
Errors from sources outlined above were small
except for short-term instabilities of the x-ray
tube output. Statistical confidence of +5% could
be achieved in relatively short times as peak
counting rates were 100 to 400 counts/min for

the more intense photolines, i.e., those corre-
sponding to the emission of a Kr 3d or a Ne 1s
electron.

III. RESULTS

A. Relative Subshell Cross Sections for Single-Electron
Transitions at 0 = 90°

Figure 2 shows the photoelectron spectrum
KrM(CuL) observed perpendicular to the x-ray
beam. An average background of 12 counts per
channel has been subtracted, thus accounting for
detector noise, about 4 counts, and contribu-
tions from bremsstrahlung, about 8 counts. The
spectrum shows that relative intensities of photo-
electron emission from various subshells can be
obtained with ease at 2 moderate energy resolu-
tion and without the necessity of using a mono-
chromatic x-ray source. The possibility of sub-
tracting the bremsstrahlung contribution, which
can be evaluated from regions where no lines ap-
pear, allows us to remove automatically any dis-
crimination that may be caused by polarization of
this type of quanta. The spectrum displayed
shows, however, one of the rare cases when two
different photolines coincide, namely the KrM3
(CuLg) and KrM4_5(CuL]) lines. (Atomic energy
levels are denoted here by subscripts in arabic
numerals.) To be able to correct for the pres-
cence of the KrMy 5(CuLy) line, relative intensi-
ties of the CuL x rays were determined from the
ArL(CulL) photoelectron spectrum in a separate
experiment.

Cross sections at 6 =90° of 3s, 3p, 4s, and 4p
subshells relative to the 3d cross section are
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FIG. 2. Electron spectrum KrM(CuL) and KrN(CuL),
observed at right angles to x-ray beam with AE/E=0.9%.
Lines due to CuL, line have been resolved graphically
(dash lines). Abbreviated symbols, i.e., M, ;) ;Ker’ 5
(CuLl), indicate weaker photolines; some faint lines
have not been denoted in the graph. Note that another
spectrum, KrM(MgK,), is shown in Fig. 3(a).

tabulated in Table I for 11 x-ray lines ranging
from CKy =277 eV to AlKy =1487 eV. Intensities
are area values averaged from up to 4 determina-
tions per excitation energy and are corrected for
dispersion of analyzer, background, overlapping
photo- and Auger lines, continuum of two-electron
transitions and variation of detection efficiency
with energy. Quoted errors are weighted averages
of the errors for the individual runs which, in
turn, reflect uncertainties in statistics and the
required corrections. M-NN Auger lines were
disturbing at energies below 170 eV, and L-MM
lines disturbed above 1200 eV. This interference
is responsible for the large errors of the intensi-
ties for KrMy 3(CKy) and KrM(AlKy) and the
omission of values for the weak KrN(MgKy) and
KrN(AlK,) lines which were obliterated by strong
Auger lines. Errors have not been assigned to 4s
and 4p contributions, but only to their sums, if the
lines were poorly resolved or when the statistical
uncertainty was large.

As seen from Table I the relative probability of
ejecting an electron from the 3d level remains
high over the entire range investigated whereas
the probability of electron emission for the 3s
level remains low. Photo-ionization in the 3p
shell becomes more significant with increasing
photon energy. Predominance of the 3d contribu-
tion would be accentuated if we were to transpose
these cross sections measured at 90° to total sub-
shell cross sections by utilizing angular electron
distributions given in Sec. III.C. This behavior
of the subshell contribution could have been sus-
pected qualitatively from the trend of the total
photoabsorption cross sections? and from measure-
ments of final charge states following inner-shell
photo-ionization. !* The hydrogenic model of photo-
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1
TABLE I. Subshell contributions to photo-ionization cross section of krypton at §=90° Values are in percent
relative to cross section of 3d subshell.
Photon Photon
line energy Shell
(ev) 3s 3p 4s 4p N
CKq 277 0 33+12 2.5 4 6.5+2.5
TiL,, 452 15+ 6 48+ 8 3.5+1.2 6.0£1.5 95+1.5
CrL; 500 21+5 44 + 10
OKa 525 14+ 2 51+3 28+04 5.2+x0.5 8.0+0.7
CrLa 573 e 49+8 3.5 5.5 9+ 2
FeL,, 705 177 75+ 10 7 15 227
NiL,, 852 15+5 898 6 10 164
CuLa 930 20.8+1.5 95.5+2.5 3.8+0.6 9.7+0.8 13.56+1.0
ZnL, 1012 20+ 3 106 = 6 7 9 16+ 2
MgKa 1254 353 128+ 6 o L
AIK,, 1487 50 + 15 160 = 15 oo oo e
ionization is in gross disaccord with experiment | m T
as it yields, for example, a cross section ratio Kr My (Mg Kq) Kr Mp 3(Mg Kg) Kr M, 5 (MgKg)
03p/03d too great by a factor of about 10 over the = 1 ol |
reported energy range, but a theory in which a ]
realistic central potential® (i.e., Herman-Skill- & /\ [
man’s) is used gives good agreement with experi- E
mental findings. () J /_/ k
-. | /s N
B. Relative Intexﬁit.les of Double-Electron ENERGY
Transitions. _ 120
In Sec. OI.A, Irefer only to the discrete peaks i
of the electron spectra, thereby selecting events 100 5
in which one photon ejects a single electron. If ﬁ | Kr My 5 (Mg Kq)
we examine the continuum distributions on the low- 80 43/ \\A/B=30/70
energy side of each photoline seen in Figs. 2 and _ ¥ \£ l
3(a) we find, in analogy to earlier studies,,! £ s0 L/ . . \,
. . - : H Ny
that they give evidence of processes in which a 5 ) ?\#
single photon causes multiple, especially double, ; . ™
electron transitions. 2° Briefly, these continua £ 40 2 57 AN
arise from the fact that the remainder of the pho- ‘g (M l /
ton energy, which is left after “prying loose” a T eol f <& PR Kr Mz 3 (Mg Kg)
second electron, is shared among two electrons = j}j W N A/B=14/86
in such a way, that one electron takes up a small 2 40 l \\
amount of energy and the other electron takes up E / 4 \ + N
a correspondingly large amount, and thus appears / it\
near the photoline of the single photo-ionization @ 20 - N >
< /
process. . ) . i / ; R oKr M,(Mg Ka)(
The following intensities of multiple-electron S 40 e | \\ A/B=0
transitions per ionization event are deduced from y/' SOLID LINES: . \
the areas of the continua and their parent photo- o J(8,A,B)cA+B sin” § N\
peaks after some minor corrections!® have been 20 ) N
made: (23+2)% for 3dN electrons, about 22% for (6),7
both 3pN and NN electrons, and roughly 18% for 0
3sN electrons. Except for NN electrons these 0 30 60 0 AN GLgEO( deq) 120 150 180
values refer to excitation by MgK, x rays, but ! €9
similar values were obtained for excitation by
softer radiation, such as CuLy and OKy X rays.
Multiple i‘oniz.ation makes, thgreforg, a substan- FIG. 3. (a) Recording of KrM(MgK,) electron spec-
tial contribution to the photo-ionization cross sec- trum. (b) Angular distributions of 3s, 3p and 3d photo-

tion. Though the phenomenon is not recognized in
the single-electron model?! it may be treated with
the aid of the electron-shakeoff concept as a two-
stage process each involving one electron: first,
photo-ionization proper with the emission of the
first electron, second, ionization of a second elec-
tron as a result of the sudden change in screening

electrons ejected by MgK,, x rays. Angular resolution

(4 +0.7) deg, and J(90°)=100.

Triangles represent

measurements at negative angles and have about the

same error bars as points at positive angles.

Dashed

line according to J(6) = [1+4 (v/c) cos6] sin6; and
dash-dotted line according to evaluation of Ref. 12:
J(6)=0.3+0.7[1+6(v/c) cosbl sin%f .
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when the first electron has escaped the atom.
This procedure has proven successful in the case
of KL photo-ionization!® of Ne and Ar, but it has
failed in the case of double ionization in the outer
shells!! of He, Ne, and Ar. On the same basis a
probability of about 12% was calculated!®22 for
losing and N electron of Kr together with any of
the M electrons. This approach accounts for only
half the observed intensity, indicating that elec-
tron-electron correlation between M and N elec-
trons and among N electrons of Kr might be simi-
larly significant as it was found to be for the elec-
trons in He. There, inclusion of correlation be-
tween the electrons in the ground state gave good
agreement with the experiment. 23

C. Angular Distribution of Photoelectrons from
M Subshells of Krypton.

Angular distributions of 3s, 3p and 3d electrons
excited by MgK,, x rays are shown in Fig. 3(b).
Data points are averaged from three runs and er-
ror bars indicate the uncertainties mainly due to
statistical and x-ray flux fluctuations, A small
correction was applied to the KrMy 3(MgK,) dis-
tributions and a somewhat larger one to the Kri/q
(MgKa) distribution to eliminate distortions
from the double-ionization continua, the angular
distributions of which were found to be approxi-
mately the same as those for the respective
parent lines. As pointed out in Sec. III.A weakly
polarized bremsstrahlung quanta had negligible
effect also on the angular distributions (with the
setup of Fig. 1 the polarization sensitive azimuth-
al angle is also changed). Solid lines in Fig. 3(b)
correspond to the relation J(9) =A + B sin?0 with the
parameters A and B chosen to give a best fit. The
angular dependence for 3s electrons exhibits no
isotropic part in accordance with theory, ! while
the isotropic contribution for 3p and 3d electrons
is in good agreement with the calculation of
Cooper and Manson, 2 The effect of retardation
leading to a preferential electron ejection into
the forward direction, 6 < 90°, is markedly dif-
ferent for the various subshell electrons, al-
though their velocities are nearly the same. The
3d distribution fits rather well the dash-dotted
curve corresponding to

J(0)=0.3+0.7[1+6(v/c) cosf] sin0,

where the term in brackets gives the retardation
correction; 12 the 3p and 3s distributions show,
however, no significant shift due to retardation.
This is in agreement with an evaluation given in
Ref. 12, but note the poor agreement with this
experiment of the relation

J(0)=[1+4(v/c) cos]sin2

derived earlier.!° At lower excitation energies
the 3s and 3p angular intensities retain their sym-
metry and the 34 distribution becomes less and
less asymmetric.

Table II compiles experimental determinations
of the parameters A and B measured for a num-
ber of excitation energies. Quoted errors allow

for the possibility of drawing different curves
through the experimental points and, in some
cases for the uncertainty in the correction for the
double-ionization continuum which extended into
the region of the photoline. Experimental data for
the parameters A and B are satisfactorily account-
ed for by the theoretical calculations of Ref, 12.

D. Angular Distribution of Photoelectrons from
15 Shell of Neon

I present these data in conjunction with the re-
sults on krypton since angular distributions of s
photoelectrons have not been measured at small
energies, that is below a few keV, and since dis-
tributions of 3s electrons of krypton were some-
what uncertain because of the weakness of the
photolines and the relatively large “background”
correction, In the case of neon the photolines are,
however, very strong and the background correc-
tion amounts to barely 1% of the counts at 8 = 90°,
The distributions shown in Fig. 4 for three photo-
electron energies should lie in the range of valid-
ity of the relation?,!?

J(0)=[1+4(v/c)cosf] sin.

As seen from the figure, the theoretical shape fits
the experimental data satisfactorily, although
there seems to be a tendency for the experimental
distribution to be slightly less shifted then indicat-
ed by the above relation.

IV. FINAL REMARKS

In this study the potential of electron spectrom-
etry was utilized to determine subshell contribu-
tions to the photo-ionization cross section, 24
Such data are essential to theory, especially in
the soft x-ray region where cross sections are
very sensitive to the wave functions and approxi-
mations that are incorporated in a particular mod-
el. Substantial agreement of the present data on
krypton with calculations!? based on a realistic
central-field model suggests that this model will
also be trustworthy in other cases® as far as
single-electron contributions are concerned. The
agreement implies further that two-electron
processes observed in this experiment affect the
energy dependence of single-electron emission
from the various subshells either in the same
way or not at all, At the present time, only rela-
tive cross sections were obtained, but determina-
tion of absolute cross sections in feasible. This
would be useful for investigations near ioniza-
tion thresholds and also at higher energies, where
scattering events and multiple ionization proces- .
ses are more difficult to appraise.

Measurements of electron energy spectra yield
information on multiple-electron excitation in the
photoabsorption process. This phenomenon,
which accompanies single-electron excitation in
typically 20% of the photo-ionization events, has
not yet been treated in a unified general manner, 26

Finally, theoretical predictions of the asymme-
try parameter B8 and the retardation term can be
tested by measuring angular distributions of pho-
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TABLE II. Parameters A and B of angular distribution J(6) =A +B sin’0 of photoelectrons ejected from M subshells
of krypton by soft x rays. A+B=100.

Photon Photoelectron
Photon energy energy o+ of
Shell line (eV) (ev) A B A and B
3d CKy, 277 182 47 53 5
TiLl 395 300 33 67 3
TiL o 452 357 35 65 3
OK, 525 430 35 65 2
CuL o 930 835 35 65 3
MgK,, 1254 1159 30 70 4
3p TiL, 452 235 10 90 5
OK o 525 308 22 78 3
CuLa 930 713 15 85 4
MgK o 1254 1037 14 86 2
3s CuL,, 930 638 <10 > 90 ¢
MgKa 1254 962 0 100 3
‘ I i i ‘ toelectrons. Results of this paper agree satis-
| Ne K(WMg) Ne K (Al Kg) Ne K(Mg Kq) factorily with theoretical estimates.
> B 905eV 617eV o 384eV n
- | 1 |
%)
=4 - (I8 U
w ‘ i
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FIG. 4. Photolines (a) and angular distributions (b)
of electrons ejected from 1s shell of neon. In this
figure f=v/c.
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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* }
National Buveau of Standavds, 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-
shell contributions within a central-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.

1. 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 fluorescent 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 paper? rep-



