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Electrons ejected from neon by Mg K. and Al K,, x rays and from argon by Ti K. x rays have been
studied with an electrostatic energy analyzer. On the low-energy side of the photolines characteristic of
single electron emission, discrete peaks and continua are observed which respectively indicate excitation
and ionization of a second electron. From these electron spectra, the following probabilities of two-electron
transitions are derived (per photoabsorption event): Ne KL: (18.541.0)%; Ar KL: (2.54-0.8)%; and
Ar KM : (20.7::1.4)%. In about 85%, of the double events, both electrons go into the continuum; in about
15%, the less tightly bound electron is promoted to excited discrete states. With the use of single-electron
Hartree-Fock wave functions, the theory of electron shakeoff accounts for the observed intensities. The
shape of the continuum electron spectra is in fair agreement with theoretical predictions. About 80% of
the shakeoff electrons have energies of 0< E< E;, where E; is the binding energy of the L or M electron in
an atom that lacks one K electron. Consequences of the present study in regard to x-ray and Auger-electron
satellites are discussed, and it is found that specific satellites can be associated with specific double-hole
configurations. The following relative intensities of K, satellites were measured for Mg, Al, and Ti: 139%,
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8.5%, and 4%, respectively.

I INTRODUCTION

ROM previous measurements'—S of charge states of
ions formed following photo-ionization in an inner
shell we concluded that more than one electron can be
ejected in the photoabsorption process. In the most
amenable case of x rays interacting with neon atoms we
found KL and KLL ionization to occur, respectively,
in 16% and 1.5%, of the events.]* Neither the energy
distribution of the emitted electrons nor events of
ionization of a K electron and simultaneous excitation
of an L electron could be observed in this type of experi-
ment. All these quantities are, however, important if
the experimental observations are to be related to
theory. In the present study we have analyzed electrons
emitted in the photoabsorption process, and by this
method have been able to determine directly (a) the
probability of double ionization, (b) the probability of
simultaneously ejecting one electron and promoting
another to an excited discrete level, and (c) the energy
spectra of the continuum electrons. We bombarded
neon with Mg K, and Al K, x rays, and argon with
Ti K. x rays, and studied those electrons that originated
from the K, KL, and KM shells. Experimental observa-
tions will be described in Sec. II.
As we have done previously’® we employed the
sudden-approximation or shakeoff theory’ to interpret
the results. This theory attributes the emission of a
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second® electron to the sudden perturbation of the
atomic potential at the moment of the departure of the
first electron. We therefore regard double photo-
ionization as proceeding in two stages: first, photo-
ionization proper, and second, excitation of another
electron by the change in screening together with the
relaxation of the remaining electrons from orbitals of
the neutral atom to orbitals of the ionized atom. This
approach neglects other mechanisms that may lead
to two-electron transitions, such as interchannel inter-
actions and correlation effects in the ground (initial)
state. Since the latter mechanisms appear to contribute
little to the processes reported here we can adopt the
following terminology without prejudicing cases in
which the shakeoff process accounts only for part of the
double photo-ionization events: “photoelectron” is the
electron emitted in single electron transitions; “shakeoff
electron” refers to the slower electron, and ‘“‘comple-
mentary shakeoff electron” to the faster electron of a
simultaneously excited pair in two-electron transitions.

The calculation procedure of the theory will be out-
lined in Sec. ITI, and in Sec. IV we show that the elec-
tron-shakeoff concept provides a quantitative descrip-
tion of the results of this paper and related data such
as x-ray and Auger-electron satellites and distributions
of ion charges following photo-ionization or 8 decay.

A brief historical note will serve to point out the
relation of the present investigation to other areas of
atomic physics. Double-electron excitation was held
responsible for the occurrence of K x-ray satellites® as
early as 1921. Although these satellites were thought
originally to appear only under electron bombardment,?

8 Unless specifically needed, we will always speak of a “second”’
electron (or double electron emission) although thete is a finite
probability of expelling a third, fourth, etc. electron.
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it was shown!! in 1964 that they occur also in fluores-
cence. Two extensive theoretical treatments based on
the sudden approximation have recently been ad-
vanced'>® and have proven successful in accounting
for the observed satellite intensities. The occurrence of
Auger-electron satellites, the pendants to x-ray satel-
lites, was demonstrated by Kérber and Mehlhorn' in
1966. Besides satellite lines due to initial double-hole
configurations, electron shakeoff concomitant to g
decay has perhaps the closest relationship to the present
work ; the effects arise from the same cause—a sudden
perturbation of the atomic potential. Several experi-
mental’®6 and theoretical” papers of the past ten years
report on the emission of orbital electrons together
with the 8 particle.

A large body of further information on two-electron
excitation and ionization processes has recently been
gathered. We cite the following: (1) simultaneous
excitation of a K and L electron of argon!” exhibited
in the photoabsorption curve, (2) excitation and ioniza-
tion of outer electrons in rare gases by photon!®—2
and electron? impact, (3) yield of auto-ionization elec-
trons from He under proton? and electron® bombard-
ment, (4) breaks in ionization efficiency curves? of ions
produced by electron impact, and (5) two electron
emission? in Auger processes.

Some of the studies listed in this brief review have
been or possibly will be interpreted with the aid of the
shakeoff principle; others appear to require a more
sophisticated theoretical approach, e.g., the inclusion
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of electron-correlation effects in the matrix elements of
the transition rates,19:20,25

II. EXPERIMENT

The apparatus has been described earlier.2 The ex-
perimental procedure was as follows: x rays from Mg,
Al, and Ti anodes entered the gas chamber through a
thin Be window, 0.0025 cm thick for Mg and Al, and
0.03 cm thick for Ti radiation. Electrons expelled
perpendicular to the x-ray beam were energy-separated
by an electrostatic analyzer and detected individually
by an open electron multiplier Du Mond SP172. Data
were acquired automatically: Electrons were sorted
according to their energies by applying a d c-biased
sawtooth voltage to the analyzer plates, and signals
were stored in the memory of a pulse-height analyzer
whose channel advance was synchronized with the
voltage sweep. Minimizing fluctuations of x-ray flux
and gas pressure by this mode of operation was essential
for the long times necessary for data acquisition.
Synchronization, voltage waveforms, and bias voltages
were sufficiently stable so that no shift in peak position
or line broadening occurred. Multiplier response to
electrons of different energies was checked with the aid
of an electron gun and found to vary only slowly
(<109%,) over the energy ranges of interest. Transmis-
sion of the instrument proved essentially independent
of energy, as tested with a thermionic electron source.
Gas pressures were of the order of 10~2 Torr in the gas
cell and less than 5X10~% Torr in the analyzer and
detector section.

Observed electron energy spectra needed to be cor-
rected for the dispersion of the instrument, variation
of multiplier response, and background consisting of
detector noise and photoelectrons from the bremsstrah-
lung continuum. The latter correction was small and
constant over the spectra as judged from regions where
only bremsstrahlung would contribute. The most im-
portant correction to the data was for inelastic energy
losses suffered by the photoelectrons on their way from
the source to the analyzer in collisions with neutral gas
atoms. In auxiliary runs we produced thermionic elec-
trons in the source volume and recorded magnitude and
spectral shape of the inelastic losses under the condi-
tions of the x-ray experiment. Photopeak and peak of
unscattered electrons of the same energy were then
matched and the loss spectrum was subtracted from
the x-ray-induced spectrum. In some cases (see Fig. 1),
when the inelastic peak of the loss spectrum was re-
solved from the unscattered peak or photoline, the
loss spectrum itself could be matched at the inelastic
peak. Reliability of the procedure was ascertained by
repeating the experiment at different pressures.

In Fig. 1 we present the energy spectrum of electrons
expelled from neon atoms by 1.25-keV Mg K, x rays.

26 M. O. Krause, Phys. Rev. 140, A1845 (1965); Phys. Letters
19, 14 (1965).
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individual observations. The line at 387 eV corresponds
to the emission of a single electron in the common
photoelectric effect

E=hV'—EK, (1)

where /v is the photon energy and Eg the binding energy
of the neon K electron. The weak peak on the high-
energy side of the photoline is due to Mg K, satellite
lines, whereas the rise near channel 72 is produced by
photoelectrons Ne K (Mg K,) that have lost energy in
collisions with neutral neon atoms. The adjacent
structure below channel 70 is attributed to a process
in which a 2p electron, and to a lesser degree a 25 or
several L electrons are excited or ionized in addition to
a K electron. This follows from the energy balance for

for ionization: Ej+Es=hv— Ex— Espxy=const,

®3)

where E; and E, are the kinetic energies of the ejected
electrons, and Eqpxy* and E,, (k) are the excitation and
ionization energies of a 2p electron in a neon atom
lacking one K electron. In this experiment we did not
observe the energy distribution f(E,) of the slower
electron which we designate as the shakeoff electron,
but the distribution f(E,) of theso-called complementary
shakeoff electron.?” According to Eq. (3) one distribu-
tion is the mirror image of the other.

The energy distribution f(E,) is shown in the inset of
Fig. 1 and evolves from the recorded distribution follow-

27 Several workers (see Ref. 16) have measured the distributions
f(Es) of shakeoff electrons that are released in 8 decay.
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ing subtraction of background and inelastic loss spec-
trum. The inset figure shows also the small change in
contour when corrections for dispersion of the instru-
ment and multiplier response are applied (corrections
are made relative to the photopeak). Separation of
continuum and excited states, indicated by the dotted
line, was made on the basis of the following assumptions:
First, in accordance with the hydrogenic law I, & 76575,
the combined intensity of the transitions 2p— np,
n>4, does not exceed the intensity of the transition
2p— 3p, which is given by the reproducible peak near
AE=32 ¢eV. Second, the distribution of continuum
electrons with energies close to the ionization limit is
similar to the theoretical prediction. Even a large
deviation from the latter assumption would have a small
influence on the slope of the leading edge of the con-
tinuum. Uncertainties of the analysis are included in

80 100

the errors quoted below for ionization energies and
intensities of transitions to discrete and continuum
states.

In Fig. 2 we show the energy spectrum of electrons
that are expelled by Al K, x rays of 1.49-keV energy.
The curves exhibit the same features as seen in Fig. 1
except that with the same resolution less detail can be
discerned at the higher electron energies of this experi-
ment. Analysis of the spectrum followed the outlined
steps and to separate continuum and discrete states use
was made of the preceding results.

The photoline of Fig. 3 corresponds to the emission
of a K electron from argon by Ti K, x rays, and the
continuous distribution (minus inelastic loss spectrum)
is ascribed to the simultaneous loss of a K and an M
electron. The spectrum was analyzed in the manner
described above [substitute, for example, Espx) (Ar)



170 PHOTOABSORPTION PROCESS 41
T T
ArK (TiKy) 21306 eV
|
700 A
600
500 1s2s° 2p6 35° 3,05
IONIZATiON LIMIT
ENERGY SPECTRUM OF
Fic. 3. Energy spectrum of ‘€ 400 [— COMPLEMENTARY
electrons producgc)i’ b)If) the inter- 5 SHAKEOFF E
action of Ti K, x rays with K and o ELECTRONS =
KM electrons of argon. <
[
5
3 300
140
AE, ENERGY LOSS (eV)
200
ArK
(Ti A, SATELLITES)
.
AV IR
100 INELASTIC SCATTERING — wi— 1t/ ot P
LOSSES —_|, % bR
) - . ot
. .-.4?“\\////'\\ ."’F .\\'%' %
[ ]
!AVG BG—-—;%#-#»':?!"-‘*"""- mmm T N ote
0 - -
o] 20 40 60 80 100

for Espky (Ne) in Eq. (3)]. We note that here the
background level is raised by a somewhat larger con-
tribution from electrons ejected by bremsstrahlung
quanta.

Ti K. x rays possess sufficient energy to promote
both a K and an L electron. The experimental spectrum
arising from this interaction is shown in Fig. 4. Resolu-
tion was sacrificed to gain in intensity, and the energy
scale (the sawtooth) was expanded at the expense of
linearity over the entire range. Although statistics were
poor for any individual run, the skewed peak arising
at AE=300 eV was reproducible. Inelastic scattering
losses were treated in the same manner as before and
the rise in the inelastic loss spectrum near AE=~245 eV
and AE~320 eV gives evidence of the removal of a
2p or a 2s electron from a neutral argon atom. The
“net” spectrum of the removal of an L electron together

CHANNEL NUMBER

with a K electron is plotted in the inset in Fig. 4. Error
bars include the statistical error and uncertainties in
background, inelastic loss spectrum, and detector
response.

III. THEORY

Before extracting results from the spectra of Figs. 1-4
we first touch on the theory of electron shakeoff.

The method of the sudden-approximation er electron-
shakeoff theory” as it is usually called in this context
appears to offer a simple way of calculating the prob-
ability of double-electron® promotion by a single
photon.?® It allows the use of single-electron wave

28 Another approach is the use of the Born approximation whose
high-energy limit is equivalent to the sudden approximation []J.
M. Peek, Phys. Rev. 160, 124 (1967)7]. See also R. D. Richtmeyer,
ibid. 49, 1 (1936).
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functions to describe the initial and final states of the
system, and requires no reference to the “cause” of the
change of potential whether it may be the creation of
an inner hole by photon or particle impact, or the change
of nuclear charge in 3 decay. It is also tacitly implied
that the energy is conserved according to Egs. (2) and
(3). One condition must be met, however; that is, the
change of potential must be sudden, specifically?8:2:

(W ntwvr—Wadbwv /AL, (4)

where W, is the energy of the initial state, Wni,n v the
energy of the final state, and #, is the time interval
of the change in the Hamiltonian.

Transition probabilities are then given by

P= / DV (Z+A2)dr| 5)

2 This condition seems to be unduly severe; in the case of neon
(Refs. 3 and 13) we found that it can be as large as 0.4.

where ,.:(Z) and Y, *(Z+AZ) are the initial and final
wave functions of the electron going from #l to »'l/,
and AZ is the change in effective charge. If nzn’
(according to selection rules’ / always equals ') transi-
tion probabilities P, to excited states and continuum
states are obtained; if w=#' probabilities P, of
the electrons remaining in their original orbitals are
obtained. In the actual calculation, probabilities P, of
transitions to occupied states are also obtained so that
the probability of no transition will be P,'=Py, o +P;.
Since good wave functions for continuum electrons are
difficult to determine, one usually calculates Py, and
P; the probability of vacating is then given by

P,=1—P,. (6)
It remains, therefore, uncertain whether the electron
is excited or ionized. Assuming that transitions of the
electrons available in a particular shell are stochastically
independent, we get the probability P,,.@ of losing ¢
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electrons out of 7 electrons present in the # shell from
P, 9=CyPi(1—P,)1, @

where C,” is the binomial coefficient.

Values reported in the following section have been
computed with HF wave functions from the approxi-
mate expression

PT—‘—‘—].—Pn,nr—fPf, (8)

where Py is the probability of removing any number of
the 7 electrons present in the shell #, instead of the
expression

PT:I—(Pn.n'I'Pf)T; (9)

which introduces a negligible error, since P is ordinarily
small as compared to Pa,n.

In one particular instance of the monopole transi-
tion 2p — 3p in the neon atom lacking a 1s electron,
we have calculated the transition probability directly.
The initial state was then Net 1525228, and the two
coupling schemes possible®® yielded the following two
final 2§ states:

25 (lower) =0.614 2p°3p(3S)1s 25

—0.789 2p%3p(1S)152S,  (10)
and
25 (upper) =0.734 2p53p(35)1s 2

+0.679 2p53p(1S)1s 2S.  (11)

Levinger” calculated direct transition probabilities with
the aid of Eq. (5) and thus obtained energy distribu-
tions of shakeoff electrons emitted from the 1s, 25, and
2p shells. He employed screened hydrogenic wave func-
tions for the continuum electron and made his calcula-
tion for the case of 8 decay. Since similar calculations
for the case of photo-ionization do not exist, we used
his results for comparison with the experimental energy
spectra.

IV. DISCUSSION OF RESULTS

Relative intensities of exciting more than one electron
in the photoabsorption process as well as energy spectra,
of the electrons are deduced from Figs. 1-4. The total
area under the profiles yields Pi+P,+P,*, where Py
is the number of single events represented by the
photopeak, the x-ray satellite peak, and the tail of
inelastic scattering losses, P, is the number of double-
ionization events given by the unshaded areas under
the solid lines of the insets, and P,* is the number of
excitation-ionization events given by the shaded areas
of the insets. We have normalized P;+P.+P,* to
unity. Strictly speaking, relative intensities obtained
in this experiment refer to electron emission per-
pendicular to the x-ray beam and are independent of

% J, C. Slater, Quantum Theory of Atomic Structure (McGraw-
Hill Book Co., New York, 1960), Vol. IT, p. 293. We owe the wave
functions to C. Froese, University of British Columbia and the
computational execution to C. W. Nestor of this laboratory.
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TasLe I. Excitation and ionization of one or more electrons
from L shell of neon accompanying K photo-ionization: prob-
abilities per photon interaction (in percent).

Excitation Tonization Total
Shell  Expt.® Theory® Expt. Expt.  Theory®
2s 1.9
2p 241 5 eee 16.2
L 16.5+1.5 18.541.0 18.1

a Contains about 0.5 units for transitions 2p — np; n>4.
b Transitions 2p — 3 only, Eqgs. (10) and (11); Refs. 30 and 32.
¢ Reference 32.

the emission angle only if the spatial distribution is the
same for the observed quantities, viz., photoelectrons,
complementary shakeoff electrons, and the less important
inelastically scattered electrons. Since these angular
dependences should be somewhat dissimilar relative
to each other, we explored the degree of variation by
the following experiment. We chose the most critical
case in which the largest amount relative to the energy
available is transferred to shakeoff processes, and mea-
sured the electron spectrum arising from Mg K, x rays
incident on neon under an angle of 45° between direc-
tions of electrons and photons. The fact that the result-
ing distribution agreed with that of Fig. 1 within the
error limits allows us to consider P;, P,, and P* as
fractional yields unaffected by the angle of observa-
tion. Values reported for these quantities are averaged
from at least three runs for each experiment and as-
sociated errors account for uncertainties in statistics,
analysis, profiles of inelastic losses, background level,
and detection efficiency. No correction was applied for
elastic or inelastic scattering into angles greater than
the acceptance angle of the analyzer. At the electron
energies dealt with here, such corrections made relative
to the respective photolines can be neglected.®

A. Double Electron Emission from Neon

In Table I the total intensity of removing an L
electron from its orbit is compared with the intensity
expected from the shakeoff theory.®? The agreement is
excellent. We see that in the majority of the events the
shakeoff electron will go into the continuum as was
suspected from earlier experiments'~%# and theoretical

31 The change of the total scattering cross section is about 109,
per 100 eV for the energy ranges reported [ Landoli-Bornstein
Tables, edited by A. M. Hellwege (Springer-Verlag, Berlin, 1950),
Vol. I, pp. 327 and 3437; for changes of ionization cross sections
alone see Ref. 21. Only a fraction of this change would bear on the
data considering the operating pressure and the angular distribu-
tion of the scattered electrons [N. F. Mott and H. S. W. Massey,
The Theory of Atomic Collisions (Clarendon Press, Oxford,
England, 1965), 3rd ed., p. 564].

32 According to Egs. (5) and (8) with the use of Hartree-Fock
wave functions for the appropriate initial and final states. For
details see C. W. Nestor, T. C. Tucker, T. A. Carlson, L. D.
Roberts, F. B. Malik, and C. Froese, Oak Ridge National Lab-
oratory Report No. ORNL 4027, 1966 (unpublished); the use of
P. S. Bagus's wave functions [Phys. Rev. 139, A619 (1965)]
yields identical results.

3T, A. Carlson, Phys. Rev. 130, 2361 (1963).
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Fic. 5. Comparison of experimental energy spectra of shakeoff electrons from L shell of neon and M shell of argon with theoretical
spectrum for 2p electrons. W =kinetic electron energy, E;=ionization energy of emitted electrons. Error bars at selected points indicate
possible spread of curves. Limits for 25 and 2p2p ionization of neon are estimated.

estimates.®* For the relative probability of the transi-
tion 2p — 3p we calculated 4.6%, to the S (lower) state
of Eq. (10) and 5.79, to the 2S (upper) state of Eq. (11).
This excitation probability of about 5%, is somewhat
higher than the experimental intensity of (24-1)%.
Also, a small excitation probability of 3.49, is cal-
culated for the 8 decay Ne — Nat, and an experimental
value of (24-0.5)9, has been reported® for the decay
Kr— Rb*. It appears to be a general feature that

Tasie II. Simultaneous excitation and ionization of one or
more electrons from L and M shells of argon with photo-ionization
of K electron: probabilities per photon interaction (in percent).

Shell Expt. Theory?*
2s oo 0.3
29 cee 1.73
L 3.040.8 2.03

(2.50.8)®
3s ces 2.88
3p e 17.65
M 20.7+1.4 20.53

a Reference 32. . X
bValue in parentheses is corrected for events of simultaneous shakeoff

from L and M shell: PL XPy ~0.5.

3% A, E. S. Green, Phys. Rev. 107, 1646 (1957).
35 H. J. Andri, K. Luchner, and W. Schambeck, Z. Naturforsch
21a, 1987 (1966).

excitation by shakeoff in multielectron atoms is a rare
event as compared to ionization.

The ionization energy Eapxy= (412£3) €V agrees
reasonably well with the value of 45.2 eV calculated
with Hartree-Fock (HF) wave functions®% and with
E(Namr)=47.3 eV, which should be considered an
upper limit. The excitation energy Es,xy*(2p — 3p) is
(32£2) eV.

B. Double Electron Emission from Argon

Analysis of Figs. 3 and 4 yields the intensity values
listed in Table II. Again, satisfactory agreement is
found between theory and experiment, provided a
correction is made for simultaneous events of removing
an L electron together with an M electron. The prob-
ability of these events is given approximately by
P X Py, and they would appear in the spectrum of Fig.
4 at AEZ 350 €V. As in the case of neon we find a small
probability for excitation of outer electrons, namely
about 39, which is a small fraction of the total shakeoff
probability of 20.7%,.

The energies of FEspky, Esnr), and Espx)* are
summarized in Table IIT together with theoretical

36 Obtained from the difference of the total energies of the
configurations Net 1525224 and Ne?t 15252245 3P,
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values. Agreement between theory and experiment is
good for the ionization energies, and the energy required
to promote a 3p electron to the 4p level is the same as
measured earlier’” in a different type of experiment.

C. Energy Distribution of Electrons

Since the distributions f(E;) and f(E,) are mirror
images of one another, we regard the threshold of f(Z;)
(ionization limits in Figs. 1-4) as the origin of a new
positive energy scale of the kinetic energy W of the
shakeoff electrons. To compare the spectra for neon and
argon with each other and with theory we matched
the curves at their maximum values, adjusted them
to the same resolution, and plotted intensity versus
the normalized energy W/E;, where E; is the ionization
energy of the 2p electron of neon or the 3p electron
of argon in a K-ionized atom. Figure 5 shows the
result: The similarity of the experimental distributions
is striking and correspondence to the theoretical pre-
diction is satisfactory at energies up to about W=E..
This is the energy range in which roughly 809, of the
events occur. The enhancement of the experimental
over the theoretical distribution at higher values of
W/E; can largely be accounted for by the onset of
multiple shakeoff processes. In Fig. 6 we compare the
distribution for neon with the theoretical spectrum that
results from shakeoff of one 2p, one 2s, and two 2p
electrons. Relative contributions were obtained® from
Egs. (5) and (7); the spectral shape for 2s and 2p
electrons is taken from Levinger’s calculation,” and
that for the loss of two 2p electrons was assumed to
be similar to the one for one 2p electron in terms of
W/E;. The over-all agreement between theory and
experiment can be regarded as satisfactory, although
undulations in the theoretical curve are not distinguish-
able in the experimental curve. Appraisal of the dis-
crepancies should await experimental data of greater
statistical certainty and improved theoretical calcula-
tions to be made for the case of photo-ionization with
more accurate wave functions.

We note that the energy spectra of shakeoff electrons
from the 2p shell of neon and the 3p shell of argon

W/E;, RELATIVE ENERSY

accompanying K ionization are similar to that of
shakeoff electrons from the 25 shell of neon accompany-
ing L ionization.® This and the over-all agreement with
a theory” using hydrogenic wave functions suggests
that characteristic parameters of the ejected electrons—
or, from a theoretical point of view, the character of
wave functions—exert no drastic influence upon the
energy distributions normalized to W/E,, although
shakeoff probabilities depend decisively on the type of
wave functions used. Earlier measurements by Suzor!®
and co-workers of electron shakeoff as a result of 8
decay seem to contradict the present findings, indicating
a slower intensity drop with increasing energy. These
authors were, however, unable to assess partial con-
tributions from the various subshells and multiple
events; they made no corrections for the (poor) energy
resolution and perhaps insufficient corrections for
scattered electrons and background, so that a direct
comparison with theory or the results of this paper
proves difficult.

D. Comparison with Data from Other Sources

A close relationship exists between the present data
and the relative intensities of x-ray and Auger-electron
satellites, intensities of different ion charges produced
by inner-shell ionization, and the charge spectra re-
sulting from B decay. We consider the various observed
quantities as arising from the same cause, that is, a
sudden perturbation of the atomic potential. The

TasrE III. Tonization energies in eV for 2p and 3p electrons
and excitation energy for 3p — 4 in an argon atom with a hole
in the 1s shell.

Transition Expt. Theory
2p— 30010 305
Ip—o 2943 30.4b; 30.5¢; 324
3p—4p 2243, 220

a Reference 17; the value presumably refers to the energy difference of
the systems Ar (1525226352384 p) and Ar (1525258352354 p2).

b From total-energy differences of the atomic systems, calculated with
relativistic Hartree-Slater wave functions.

° From total-energy differences with Hartree-Fock wave functions.

d Reference 11,
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TasiEe IV. Consequences of K ionization and KL ionization or excitation of neon as
recorded by selected experimental methods.

Observed quantities

Photoelectron (s) Electron energy loss; Ton charges
Initial event photon impact electron impact Photons Auger electrons 4» Bb
K— » Discrete line Continuum with thresholde at Kq lines K-LL lines 14 24
[see Eq. (1)] E=E¢—Ex
K- » Two continua Continuum with threshold at K, satellites K-LL satellites 2+ 3+
L— [see Eq. 3)] E=Ey—Ex—ELx) (KL-LLL)
K— » Discrete lines Continuum with threshold at Satellites K-LLand K-LX 14 2+
L—>M,N,--- [see Eq. (2)] E=Ey—Ex—Epx)* of K lines satellites

a By radiative readjustment.

following can then be understood as a comparison of
the various data with the results of the shakeoff
theory.

We choose the example of neon to illustrate in Table
IV which quantities can be observed by selected experi-
mental methods when either K or KL vacancies have
been created. According to the tabulation several
methods can be employed to determine yields of K
and KL ionization. The present method is particularly
suited to probe also ionization and simultaneous excita-
tion, and by its very nature, it is the only method for
determination of energy distributions of the emitted
electrons. Measurements of photons and Auger elec-
trons (columns 4 and 5) are specific probes for initial
ionization events regardless of the particular type of
ionization process.

Numerical results from different experiments on neon
are listed in Table V and compared with the predictions
of the shakeoff theory and the present experimental
results. In all experiments the change of the Hamiltonian

TaBLE V. Shakeoff probabilities (in percent) of L electrons of
neon as measured by various methods. Comparison of data with
results of shakeoff theory.

Method Expt. Theory

Photoelectrons 18.5+1 18.12
(this work)

Ton charges from 17.4+£1.2 16.1a.b
photo-ionization®

X-ray satellites ~23° 17.54
electron impact

Auger satellites 14.5+2.5¢ 18.12
electron impact 19.4:£1.7°

Orbital electron 20.14=1f 21.4#

loss in B decay

a Reference 32.

b Reference 3; ionization events only. Theoretical value of 18.1% ad-
justed for excitation events which occur about 2% of the time.

o Extrapolated and renormalized from curve of L. G. Parratt, Phys.
Rev. 50, 1 (1936).

d Reference 13.

e Reference 14; the second value stems from a recent experiment of
Mehlhorn (private communication).

f Reference 33; value corrected for (calculated) probability of K electron
emission; experiment registers ionization events only.

& Reference 32; contains excitation processes also. According to Sec. IV
A, theory yields more than 3.4% for excitation events, a value which is
probably too large considering the results on the related case of photo-
ionization.

b By nonradiative readjustment.

¢ Eg =primary electron energy.

has about the same magnitude and is sufficiently
rapid® to justify the use of the shakeoff principle.
Good agreement exists between theory and experiment
except for the value of 239, for x-ray satellites which
was obtained by the inherently less accurate method of
photometry. We find, however, some smaller differ-
ences; e.g., promotion of L electrons occurs more often
in B8 decay than in photo-ionization. This reflects the
fact that the effective charge changes by one unit in 8
decay rather than by 0.85 units for K ionization.
Measurements of ion charges in which excitation events
are not observed give a slightly smaller value than this
work in accord with the present finding that excitation
processes are indeed rare.

Table VI reports data for argon on photo-ionization,
x-ray satellite production, and electron loss in 8 decay.
Satisfactory agreement is again found between experi-
ment and theory and among experimental data. Our
study of double photo-ionization and Deslattes’s! work
on x-ray satellites allow us to associate K, satellites
with initial KL and Ky satellites with initial KM
vacancies®® and a subsequent single electron jump.

E. Intensities of K, Satellites of Mg, Al, and Ti

As a byproduct of the present work, electron spectra
of Figs. 1-3 yield relative intensities of K x-ray satellites
of the elements Mg, Al, and Ti. It is curious to note
that if we questioned the origin of x-ray satellites we
would find these spectra to offer the rare opportunity
of exhibiting at the same time both the effect, the
satellite line, and its cause, double ionization (indicated
by the continuous spectrum of complementary shakeoff
electrons). Though the explanation is for a different
element and a different excitation mode, the concept of
electron shakeoff closes the apparent gap by describing
double ionization as a general phenomenon.

3 One may question this for jonization by electron impact,
chiefly because most of the emitted K electrons have small energies
relative to the ionization energy Ex. Even so, their energies are
generally greater than those of L electrons, liable for shakeoff,
considering the jump in jonization energies from one principal
shell to the other (i.e., Ex/Erx)=~20 for neon).

38 One type of Kjp satellite that is due to KL vacancies would
appear at much higher energies, near the X lines of the element
Z+1, and has not been looked for.
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TasLE VI. Electron loss from L or M shell of argon by sudden
perturbation of atomic potential. Comparison of present data
with data on x-ray satellites and 8 decay. Production probabilities
(in percent) per interaction.

PHOTOABSORPTION PROCESS 47

TasLE VII. Relative production probabilities (in percent)
of K, satellites of Mg, Al, and Ti.

Element This work Nordfors®  Parratt® Theory
Shakeoff Photoelectrons X-ray Orbital electron Mg* 13 £1.5 cee 13.5 9.7
from this work satellites loss B decay Al 8515 74;7.6 9.5 6.9
shell  Expt. Theory = Expt. Theory Expt.> Theory? Ti 4 %15 o 13 1.1
L 2.5 2.0 2¢ e } 1841 3.0 a Reference 39; first value for metal, second for oxide.
M 20.8 20.5 22454  20.8 22.0 bL. G. Parratt, Phys. Rev. 50, 1 (1936).

a T, A. Carlson, Phys. Rev. 131, 676 (1963) ; only ionization events are
registered.

b Reference 32 ; values comprise both ionization and excitation processes.

¢ L. G. Parratt, Phys. Rev. 50, 1 (1936) ; electron impact.

d Reference 11; in fluorescence.

e Reference 13; change in oscillator strengths with hole configurations
considered.

In Table VII we compare the satellite intensities
with literature data and theory. Measured intensities
are probably characteristic of the metal oxides since
Al and Mg targets were cleaned only every 20 to 24 h
of operation and the Ti target was contained in a per-
manently sealed tube (Machlett AEG 50). Theoretical
values are obtained from Egs. (5) and (7) and refer to
free atoms. Inclusion of solid-state and chemical effects
and changes of oscillator strengths with hole con-
figurations® would alter the quoted values, though to a
small degree. Nevertheless, theory accounts satis-
factorily for satellite intensities reported here and by
Nordfors.®

V. CONCLUSIONS

Energy spectra of electrons that are emitted from
neon and argon atoms in the photoabsorption process
have been measured and the following results and con-
clusions have been obtained: (a) The ejection of more
than one electron by a single photon has been observed
directly; (b) this process occurs in about 209, of the
events for the combinations KL(Ne) and KM (Ar),
and in about 29, for KL(Ar); (c) excitation of an outer
electron in a monopole transition and simultaneous
ionization of an inner electron occurs infrequently,
namely in about 29, of the events; (d) one electron is
emitted with an energy close to that of the photo-
electron of the single photo-ionization process, whereas
the other electron(s) is (are) emitted with small
energies; (e) the energy distribution of the continuum

# B. Nordfors, Arkiv Fysik 10, 279 (1956).

¢ Note added in proof. T. Aberg (private communication) draws my
attention to additional determination for Mg and Al, and their oxides:
V. F. Demekhin and V. P, Sachenko, in Réntgenspectren und Chemische
Bindung (VEB Reprocolor, Leipzig, 1966), p. 58; D. W. Fischer and W. L.
Baun, J. Appl. Phys. 36, 534 (1965); and J. Utriainen, M._Linkoaho, E.
Rantavuori, T. Aberg, and G. Graeffe (to be published). T. Aberg’s refined
theoretical values (to be published) agree well with these and the present
experimental data.

electrons that originate from the less tightly bound
shells, the shakeoff electrons, is such that the majority
possesses kinetic energies of less than their ionization
energies; and (f) the present data are well accounted
for by the electron-shakeoff theory.

Comparing the present results and related data
from other sources with data on double-electron emis-
sion from the outermost shells®®? of rare-gas atoms,
we find that the shakeoff theory yields good results
if the two electrons come from different shells, but it
fails if the electrons both come from the outer shell or
perhaps from the same inner shell. Present data
together with those of Deslattes! implicate multiple
ionization in specific shells with a subsequent single
electron jump as the origin of specific x-ray satellites
and, by way of analogy, of Auger-electron satellites.
As a byproduct of the measurements, relative inten-
sities of K, x-ray satellites of Mg, Al, and Ti were
obtained. Also these data agree satisfactorily with the
results of the shakeoff theory.
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