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A study of post-collision interaction has been carried out experimentally for Auger-electron emis-
sion of rare-gas atoms following electron-impact ionization. Spectra of the Xe %50»0» ( So) Kl
M5 Xl %23 {'I, ), and Ar L 3 M» M» ( 'So ) Auger electrons have been measured changing the
electron-impact energy from slightly above the threshold of the ionization to a few kilo-electron-
volts. The Auger line shape has been analyzed using a profile formula that includes the finiteness of
the velocities of all the cooperating electrons. Moreover, the analysis has partly considered the pos-
sible energy distribution of the scattered primary electron and the ejected secondary electron, due to
the sharing of excess energy between them. The post-collision interaction eA'ect is found to be ab-
sent at high excess energies.

I. INTRODUCTION

During the past two decades, the post-collision interac-
tion (PCI) eff'ect has been observed in various atomic pro-
cesses, such as electron-impact autoionization, ' Auger
processes after photoionization, Auger processes after
electron-impact ionization, ' and Coster-Kronig pro-
cesses after electron-impact ionization. ' Theoretical
studies have also been made extensively. '

One of the main interests in recent years is the high-
energy behavior of PCI. In 1983, Ogurtsov formulated
a classical model taking into account the time delay of
the screening of the core charge by the ejected secondary
electron (and the scattered primary electron if any). He
pointed out that there was a constant negative displace-
ment in the PCI shift from its —

—,
' power law of the ex-

cess energy. Russek and Melhhorn proposed a formula
which gave the PCI spectral profile inc1uding the time-
delay effect. The validity of their semiclassical formal-
ism, however, was questioned by Koike, who proposed
a wave-packet formalism for the PCI effect.

In the case of photoionization, the disappearance of
the PCI effect at high excess energies was verified experi-
mentally by Borst and Schmidt and Armen et al.

In the case of electron-impact ionization, however, the
experiments have not yet converged. On the one hand,
Iketaki et al. ' observed that the Ar L3M23M23 ( SQ)
Auger 1ine became completely Lorentzian at the high ex-
cess energies they studied. On the other hand, Graef and
Hink' reported that the PCI shift remained constant at
high excess energies for the Ne KLz3L23 ('D~) Auger
line,' Huster, Sandner, and Melhhorn ' and Graef and
Hink also discussed this remaining constant PCI shift,
assuming that the —

—,
' power law holds. They clarified

that a constant PCI shift must remain at high excess en-
ergies for their data to be consistent with their assump-

tion. Theoretically, Sandner pointed out that the eject-
ed electron could always have a slow component created
by the glancing primary electron, and that this slow com-
ponent caused a finite PCI shift even at high excess ener-
gies. Sandner and Voelkel have further pointed out
that also the line shape does not converge to a Lorentzi-
an. To evaluate the PCI effect, Sandner and his cowork-
er, ' have used the Russek and Mehlhorn formula,
which does not necessarily give the —

—,
' power 1aw for the

PCI shift. Sandner and his coworker's argument is not
directly comparable with the result of Hink and his co-
workers. Further, the Sandner and Voelkel prediction
could be verified by neither Iketaki et al. experiment, '

nor by the present experiment.
In the present paper, we describe the measurements of

energies and profiles of the Xe, Kr, and Ar Auger lines
produced by electron-impact ionization, and also present
an elaborate profile analysis of the Xe Ns0$30$3 ( Sp),
Kl M5N 1 NQ3 ('Pj ), and Ar L3M23Mz3 ('So) Auger lines.
The result of the Ar measurement has been partly report-
ed' in one of the papers by our group; we refer to the pa-
per as I from now on. In Sec. II we describe our experi-
mental apparatus and procedure. In Sec. III we give our
experimental results. In Sec. IV we present our Auger
spectral profiles and their analysis. We summarize our
understanding for the PCI effect in Sec. V.

II. EXPERIMENTAL APPARATUS
AND PROCEDURE

To perform our experiment, two slightly different types
of apparatus were used; one for Xe and Kr, and the other
for Ar.

A. Experimental setup for Xe and Kr

We employ a crossed-beam-type apparatus. A primary
electron beam is produced by a thermoelectronic-
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emission-type electron gun, which is tuned to supply an
adequate stable current at each acceleration voltage. We
obtain an electron current ranging from 11.5 to 82 pA for
the Xe measurement, and from 27 to 300 pA for the Kr
measurement. The energy resolution of the analyzer is
independent of the electron current, but the current is
carefully kept constant throughout the experiment to
avoid any unexpected instability of the apparatus. The
electron beam perpendicularly crosses the target-gas
beam.

Electrons ejected with an angle 120 with respect to the
direction of the primary electron beam are decelerated to
1.5 eV and led into the energy analyzer. Potentials on the
lens system, which consists of four cylindrical electrodes,
are scanned with the decelerating voltage, so that the
transmission e%ciency through the lens is kept constant
over a wide energy range, as far as possible. We use a
hemispherical electrostatic analyzer with a mean radius
of 50 mm. The energy resolution is about 65 meV in the
Xe measurement and about 60 meV in the Kr measure-
ment in full width at half maximum 1FWHM). The pre-
cise values of the energy resolution are so evaluated at
high impact energies that the width of the convoluted
Lorentzian of natural linewidth with the instrumental
Gaussian line profile gives the best fit to the apparent ex-
perimental Auger linewidth. The electrons after the
analyzer are detected by a channel electron multiplier.
The Earth's magnetic field is canceled by a Helmholtz
coil and screened by a p-metal shield.

To compensate for the unavoidable drifting of the ex-
perimental conditions, we performed data acquisition in
the following way. First, the electron energy scanning
time was short, e.g. , 10 ms/channel, and several hundred
scans were stored as one set. Second, to improve statis-
tics, several sets of scans were summed, and, in the course
of the summation, the measured electron energy was so
corrected as to give a maximum overlap with the preced-
ing partial sum.

To calibrate the Auger-electron energy, we used the
autoionization line He 2s2p('P) at 35.54 eV as a stan-

dard, which is the difference of the excitation energy of
60.123 eV (Ref. 35) and the He ionization potential of
24.580 eV. Because the lowest impact energy of the
electrons in the present experiment was as high as 77.8
eV, the energy position of this standard line was free
from the PCI effect. ' As the target-gas beam, we used
the gas mixture composed of Xe and He or Kr and He.
The gas mixing ratio was carefully kept constant during a
series of measurements. For the spectral profile analysis,
we also measured the spectra without the He gas for the
Kr Auger transition, because there was an overlap of the
He autoionization lines with the Kr Auger lines.

To calibrate the impact electron energy, we compared
the energy of the elastically scattered primary electrons
with the peak positions of the He autoionizing electrons
on the same spectrum. The calibration was made for pri-
mary electrons whose excess energies above the thresh-
olds were lower than 30 eV, and the differences between
the electron-beam energies and the acceleration voltages
were about 1 eV.

B. Experimental setup for Ar

Because our apparatus for the Ar measurement is simi-
lar to that for the Xe and Kr measurement, we describe
here only the differences. Here we use a 127 coaxial cy-
lindrical electrostatic analyzer with the mean radius of 50
mm. Its energy resolution is 140 meV in FWHM, which
was determined by observing the apparent width of a
shake-off Ar Auger line Lz3Mz3( D )3-M zM3zM3z(3P) at
190.70 eV. The natural width of this line is theoretically
predicted to be as narrow as 9.4 meV. As the reference
lines for the calibration of Auger-electron energy, we
used both the Ar 3s3p 4p l'P)~3s 3p ( P3&zj autoioni-
zation line at 10.86 eV, and the He 2s2p ('P) ~ ls ( S) au-
toionization line at 35.54 eV.

III. EXPERIMENTAL RESULT

In Figs. 1 —3, we show typical examples of the Auger-
electron spectrum. Figure 1 gives the Xe N4 5 OO
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FIG. 1. Panorama of the Xe N4, OO Auger-electron spectra.
The primary electron-impact energy is 2 keV. The observation
angle is 120 with respect to the primary electron beam direc-
tion.

FICs. 2. Panorama of the Kr, M4, NN Auger-electron spec-
tra. The primary electron-impact energy is 2 keV. The observa-
tion angle is 120' with respect to the primary electron beam
direction.
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Auger-electron spectrum produced by the impact of the
electrons with the energy of 2 keV. Figure 2 gives the Kr
M4 5%iV Auger-electron spectrum produced by the im-

pact energy of 2 keV, and Fig. 3 gives the Ar L2 3MM
Auger-electron spectrum produced by the impact energy
of 5 keV. A number of Auger lines are identified, and
their energy positions are determined from the spectra
obtained at the highest electron-impact energies, which
were 4.93 keV for Xe, 5.9 keV for Kr, and 1.75 keV for
Ar, respectively. Table I summarizes our measurement
of the energy positions of the Auger transitions, together
with the data of other authors. The accuracy of the ener-

gy values is estimated to be +0.02 eV for Xe TOO and
Kr MAX Auger lines, and +0.05 eV for Ar LMM Auger
lines, respectively. As will be discussed 1ater, we found
no evidence for the constant PCI shift of the spectral
peak positions at the highest electron-impact energies.
The values listed in Table I are interpreted as the nominal
peak energies. The values for Xe NOO and Kr MNX
Auger lines are in overall agreement with those deter-
mined by Ohtani et al. , which are larger than the values
of Siegbahn et al. by 0.20+0.03 eV systematically, as
pointed out by Ohtani et al.

We have further investigated the spectral peak profiles
and their energy positions for selected Auger lines in de-
tail by changing the primary electron-impact energy.
The impact energy dependence of the Xe %50z30z3 ( Sp)
Auger line shape is illustrated in Fig. 4. The relative in-
tensity of the Auger electrons are plotted as functions of
kinetic energies for various excess energies, which mean
the impact energies subtracted by the 4d ionization ener-

gy in Xe, ranging from 10.2 eV up to 4.93 keV. The vert-
ical line at 29.97 eV indicates the nominal kinetic energy
of the Auger electron. The solid lines and the broken
lines are theoretical, which will be discussed in detail in
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FIG. 3. Panorama of the Ar L2 3MM Auger-electron spectra.
The primary electron-impact energy is 5 keV. The observation
angle is 120 with respect to the primary electron beam direc-
tion.

Sec. IV. We see in Fig. 4 that the spectral profile be-
comes almost symmetric with respect to the peak center
when the excess energy exceeds twice the nominal kinetic
energy of Auger electrons. This strongly suggests the
disappearance of the PCI eAect in the high-excess-energy
region. The impact energy dependence of the Kr
M5X] Xz3 ('P, ) Auger line shape is plotted in Fig. 5,
where the nominal energy of the Auger line is 37.84 eV.
We see also in the Kr case that the line shape is com-
pletely symmetric with respect to the peak center in the
high-excess-energy region. But at the same time, we find
that a slight asymmetry remains at an energy region

TABLE I. Nominal energy positions of the Auger electrons in units of eV. Figures in the parentheses are errors; e.g. , 29.73(4)
should read as 29.73+0.04.

Auger line Present ESCA"'
Author

Ohtani Mehlhorn' Johansson"

Xe N~O23023
Xe N402302,
Xe N5023023
Xe N5023023
Xe N5 023 023
Xe Ns023023
Kr M5NlN23
Kr M4Nl N23
Ar L,M»M»
Ar L3M23M23
Ar L3.M23M23
Ar L2M23M23
Ar L2M23M23

'Reference 38.
Reference 7.

'Reference 39.
Reference 40.

('s )

( SQ)

( SD)

('&)
('D )

(3~)

29.97(2)
31.95(2)
32.33(2)
33.44(2)
34.31(2)
34.45(2)
37.84(2)
39.09(2)

201.08(5)
203.45(5)
205.18(5)
205.59(5)
207.19(5)

29.73(4)
31.71(4)
32.09(3)
33.21(5)
34.07(5)
34.21(5)
37.67(10)
38.91(10)

201.09(20)
203.47(20)
205.21(20)
205.62(20)
207.23(20)

29.91(3)
31.90(3)
32.38(3)
33.42(3)
34.28(3)
34.40(3)
37.87(3)
39.08(3)

37.67
38.91

201.10(10)
203.49(10)
205.22(10)
205.61(10)
207.25 (10)
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Vg Ur

Q =2max 0,
VaVr

9 eV

9 eV

I I I I I I I I I I I I I i I I I I I I I I i & I J

201 202
I I I I I I I } I ( I I I I I I I I I ( I I I I I I I I

201 202

KINETIC ENERGY (eV )

FIG. 6. The primary electron-impact energy dependence of
the Ar L3M»M» ('So) Auger line shape. For notations, see
Fig. 4.

The semiclassical model may be derived by assuming that
Uz ))v„in Eq. (4), i.e., by taking Q =2/U„.

In actual Auger-electron emission caused by electron-
impact ionization, the parameter Q may take various
values due to the sharing of the energy between the scat-
tered and the ejected electrons; the profile function
P (E„;Q) in Eq. (1) is the formula for one single-collision
event with a specific energy partitioning between the two
electrons. We take E„asthe excess energy, i.e., the
difference of the impact energy of the primary electron
from the threshold energy of the inner-she11 ionization.
The parameter Q may take a value that satisfies the fol-
lowing constraint; that is,

l 2 l 2
Eex 2

Vra +
p Vrb

ergy of the Auger electrons. Figure 6 is essentially the
same as Fig. 2 in I.

IV. SPECTRAL PROFILE ANALYSIS

As for the isolated Auger lines under the inhuence of
the scattered and ejected electrons, we have proposed an
empirical profile function, Eqs. (1) and (2) in I, which
represents an intensity of the Auger electrons against the
kinetic energy of the Auger electrons. This profile func-
tion is a modification of the semiclassical profile func-
tion ' '

by taking into account the time delay for the
Auger electron to overtake the scattered and ejected elec-
trons. One of the present authors (Koike ) has recently
derived a profile function quantum mechanically; we
refer to this paper as II from now on. The profile func-
tion is given by Iatomic units (e =m =fi) are used
throughout this paper, unless otherwise statedj

~Q exp(~Q) exp( —2Q argz)
sinh(~Q) ~z~

2

with

z =(E~ —Eo)+iI /2,

UA Vra
Q =max 0, +max 0,

Vavra
(3)

where P (E„;Q) is the profile function, i is the imaginary
unit, z is a complex energy, which consists of Auger-
electron energy Ez, nominal Auger-electron energy Eo,
and the natural energy width of the Auger transition I,
Q is a parameter which is given by a function of the
Auger-electron nominal velocity vz and the velocities of
the scattered and ejected electrons v„and vrb, respective-
ly, and max indicates the larger of the arguments. In II,

If we take der& ldQ as the differential inner-shell ioniza-
tion cross section with respect to Q, we have

P, (E~ )= jP(E~;Q)dcrg

for the total Auger line profile function P, (E„),which
may be observed by an Auger-electron counting without
coincidence with the scattered or ejected electrons.

To compare the present experimental results with the
theory, we first calculate Eq. (1) using Eq. (4); we calcu-
late the profiles according to the Wannier case model.
The results are shown in Figs. 4—6 as solid curves. For
comparison, we also make a semiclassical calculation for
Xe, which is shown in Fig. 4 as the dashed curves. The
atomic parameters used in the present calculation are
summarized in Table II. The natural PCI profile has
been convoluted by a Gaussian-type experimental ap-
paratus function. Optimum values for the FWHM of the
apparatus function have been obtained by fitting the con-
voluted spectral peak profile to the experimental data, as
was mentioned previously. The absolute magnitude of
the spectral profile has been so normalized to the data, on
the one hand, to have the same maximum intensity and,
on the other hand, to gain a best fit at the ends of both
spectral tails. To obtain the best fit, we have added a
constant background intensity on each theoretical spec-
tral profile; i.e., we have assumed that the background
electron intensity can be regarded as constant in the ener-
gy range including a single Auger spectral peak. This as-
sumption may be evaluated by investigating the overall
features of the spectrum, of which three drawings are
shown in Figs. 1 —3. We have concluded that the assump-
tion was adequate to the present case.

Comparing the solid and dashed lines in Fig. 4, we find
that the semiclassical model is unsuccessful to reproduce
the data. In fact, it gives us the idea that the simple —

—,
'

power law for the PCI shift does not work in the present
case. On the other hand, we find in Figs. 4—6 that the
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TABLE II. Constants for calculation: asterisk denotes taken from Ref. 43; dagger denotes calculat-
ed from Eo using Ref. 36.

Species

Xe
Kr
Ar

Nominal Auger energy Eo
(ev)

29.97
37.84

201.08

Constants
Level width I

(meV)

129(8)*
98(12)*

135(8)*

Threshold
(ev)

67.548(11)*

93.788(20)*

248.56

present model reproduces the experimental results quite
well, except for the intermediate-excess-energy regions,
namely, except for the values of E„from 59 to 434 eV in
Xe, from 35 to 400 eV for Kr, and around 400 eV for Ar.
The disagreement of the theory and the experiment in the
intermediate energy region may be explained by consider-
ing the possible energy distribution of the scattered and
the ejected electrons. We investigate this at the end of
this section.

We have further obtained the PCI shifts of the spectral
peak position as functions of the excess energies. Figure
7 shows the energy position of the Xe Ns023023 ( Sp)
Auger line. Figure 8 shows the energy position of the Kr
M&X&X~& ('P&) Auger line. Figure 9 shows the energy
position of the Ar L~M2~M2s ('D~) Auger line. To evalu-
ate the PCI shift, we have assumed that the PCI shift
disappears at the highest-excess-energy region. In all the
highest excess energies studied, we have obtained a per-
fect agreement of the experimental Auger spectral peak
to a Lorentzian profile with the convolution of the
Gaussian-type apparatus function; the spectral profile is
completely symmetric with respect to the peak energy po-
sition. As Sandner and Voelkel have shown recently,
the Auger line profile remains asymmetric if the PCI
effect remains at the highest-impact-energy region. It is
therefore reasonable to conclude that the spectral peak
indicates the nominal energy position of the Auger transi-

tion at the highest impact energies in the present experi-
ment. In Figs. 7—9, we have also plotted the theoretical
PCI shifts; solid curves are of the empirical formula of I,
namely, Eq. (1) with Eq. (4), and the dashed curves are of
the semiclassical formula. The solid lines, indicated as
f 1, f2, and f3 in Fig. 8, are also theoretical, but we dis-
cuss them later. The empirical formula agrees fairly well
with the present experimental results except for the inter-
mediate electron-impact energies for Kr.

As the second step of the profile analysis, we have tried
to consider the energy distribution of the scattered and
ejected electrons. We have adopted the Kr spectrum to
investigate this effect, because the deviation of the experi-
mental profile from the empirical formula of I has been
the most prominent in the Kr case. We have employed
Eq. (6) to obtain a theoretical line profile. As the test, we
choose three types of functions for the energy distribu-
tion der&/dg. The first is a function with a maximum
at half of the excess energy; d o.

& /dE
=(d rr

& /dg)(dg /dE) ~ 1 —cos(2vrE/E, „), where
E (=—,'v„, or —,'v„&) is the kinetic energy of one of the
receding electrons; we shall call this function (1) from
now on. The function (1) simulates the situation where
each receding electron has about half of the excess ener-
gy. The two receding electron tend to share the excess
energy equally at low excess energies, obeying the Wan-
nier threshold law. The second is a function that gives a
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f1, f2, and f3 are of Eq. (6) with three kinds of model
electron-energy distributions. For details, see text. For other
notations, see Fig. 7.
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impact energy E„+8.But for simplicity we apply the
formula at a fixed primary electron-impact energy of
293.73 eV, of which corresponding excess energy E,

„

is
200 eV. The actual energy distribution at desired impact
energy point is obtained by scaling Eq. (7) in terms of
E/E,„.The result of the profile calculation using Eq. (6)
is shown in Figs. 10(a)—10(c), together with the experi-
mental profiles given by dots. Figure 10(a) stands for
function (1), Fig. 10(b) stands for function (2), and Fig.
10(c) stands for function (3). We see clearly that function
(1) gives excellent agreement of the Auger line profiles
with the experimental results in the low-excess-energy re-
gion, and at the same time we see that function (3) also
gives excellent agreement in the high-excess-energy re-
gion. Further, we see that the disagreement between the
theory and experiment appeared in the intermediate-
excess-energy region (see Fig. 5) has been much improved
by an employment of function (2). We have also plotted
the calculated PCI shift in Fig. 8. The solid lines indicat-
ed by f 1, f2, and f3 represent the PCI shift obtained by
the use of functions (1)—(3), respectively. We see that the
line f2 reproduces well the experimental PCI shift in the
intermediate-excess-energy region.

V. DISCUSSION

We have quantitatively studied the variation of the
shift and the shape of the three typical Auger lines
chosen from the Xe 1VOO, Kr MXN, and Ar LMM Auger
transitions. The experimental spectral profiles have been
compared with the theoretical profiles in two ways. First,
we have used an empirical formula which has been pro-
posed in I. Second, we have used Eq. (6) by taking into
account the possible energy distribution of the receding
electrons.

Concerning the high-excess-energy behavior of the
Auger line profiles, we have found that they become
Lorentzian with no exception in the three cases we have
investigated. The real experimental line profile is
modified by the apparatus function. To remove this, we
had to optimize the unknown parameters in the ap-
paratus function in the course of the profile fitting.
Therefore there may be, in principle, a possibility that an
asymmetry of the natural line profile is canceled out ac-
cidentally by the asymmetry of the apparatus function,
but it is hard to suppose that such an accident could have
taken place for all three Auger lines. We conclude that
the PCI effect is practically absent in the high-excess-
energy region. The present experimental results, there-
fore, do not appear to support the theoretical prediction
by Sandner and Voelkel, who have discussed the
remaining PCI effect at the high-excess-energy limit.
Our profile calculation for Kr by the use of three kinds of
the energy distribution of the receding electrons has been
also unsuccessful in reproducing an asymmetric line
profile, even at the highest excess energies. The PCI
effect could always remain, in general, at the high-
excess-energy limit in the case of the electron-impact ion-
ization, since the slow receding electron, which causes
the PCI effect, could always be produced in the impact
ionization process, but the effect seems to be so weak that
it is unobservable within the accuracy of the present ex-

periment.
Although it is not easy to resolve the origin of the

discrepancy between the theory " and the present experi-
ment, we can point out the following possibility, i.e., the
effect of angular correlation between the secondary and
the Auger electrons. Recently, van der Straten, Morgen-
stern, and Niehaus studied the angular-dependent post-
collision interaction, and they pointed out that the PCI
shift of the peak position could be negative at smaller rel-
ative ejection angles between the Auger and the secon-
dary electrons. Generally speaking, the high-energy pri-
mary electron is likely to eject the secondary electron in
the direction of its momentum transfer, and hence the
secondary electrons created by soft collisions are mainly
ejected perpendicular to the primary beam direction.
Since we observe the Auger electron at 120' with respect
to the primary electron beam, the relative angles between
the secondary and Auger electrons are typically 30 when
both the electrons are ejected into the same side of the
primary electron beam, and 150' when the two electrons
are ejected into the opposite side of the primary electron
beam. It might happen that the positive PCI shift is can-
celed out by the negative one, to place the Auger line at a
neutral position. Because Sandner and Voelkel assumed
the isotropy of the secondary electron distribution, they
could not consider this cancellation. It is meaningful to
see what occurs when the isotropy assumption is removed
to their calculation.

If there is no remaining PCI effect at the high-excess-
energy region, there should also be no remaining PCI
shift. In this sense, the result of the present profile
analysis does not support the PCI-shift analysis by Graef
and Hink. ' ' They have performed the analysis based
on their assumption that the PCI shift should be propor-
tional to the —

—,
' power of the excess energy. However,

as Ogurtsov has predicted, and as we also may con-
clude from Eq. (1), we certainly have a deviation from the—

—,
' power law, if we take into account the delay for the

Auger electron to overtake the receding electron. Gen-
erally speaking, it is not appropriate to extensively apply
a formula based on a simple approximation that works
only in a limited range of the variables. The —

—,
' power

law should have been questioned before the idea of the
remaining constant PCI shift had been recognized. It
seems to be necessary for their experimental data, which
appear very precise, to be examined without assuming the—

—,
' power law.
A most crucial point is the energy distribution of the

receding electrons for the determination of whether the
PCI effect remains at the high-excess-energy limit. We
could, in principle, extract a plausible distribution from
the spherical profile analysis, but we hesitate to carry it
out, since there have been several assumptions and pa-
rameters chosen rather arbitrarily, for example, the in-
strumental response function, parameters used to syn-
thesize the calculated line profile, and so on. We cannot
expect that the addition of a more complicated assump-
tion will bring us more fruitful results. It may be rather
desirable to ascertain our profile formulas more generally
for the cases of the Auger processes originating from va-
cancy states in deeper shells or Coster-Kronig transitions.
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These works are planned to be issued by our group in a
planned forthcoming paper.
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