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Inner-shell ionization of silver by 100-400-kev electrons and positrons
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Ea and total L x rays resulting from E- ahd L-shell ionization in silver by electron and positron impact at 100,
150, 200, 300, and 400 keV have been measured using a Si(Li) x-ray detector. Within an experimental uncertainty
~ 10% the Ka x-ray production cross section by electrons, cr~, and that by positrons, cr~+, were found to be the
same in the impact-energy region higher than 200 keV, but in the region below this energy it was discovered
that the ratio o~ la~ increases as the impact energy decreases. As for the L x-ray production, no difference
between electron and positron impact was found over the whole energy region studied in the present work, although
the experimental uncertainty was rather large. Some discussion is included concerning the implications of the
present experimental results.

/

I. INTRODUCTION

At present there is a large amount of experi-
mental and theoretical investigation into electron-
impact ionization of atoms over a very wide energy
range, from several tens of electron volts to sev-
eral hundred MeV. ' However, only a few works
on ionization by positron impact have been report-
ed

It is of great interest to compare inner-shell
ionization by electron impact with that by positron
impact, especially in the impact-energy region
near the shell-electron binding energy, since it
is to be expected that some information on effects,
of the electron exchange and the Coulomb deflec-
tion would be obtained. The basic difference ex-
ists between the e —e interaction (Mgller ) and
the e' —e interaction (Bhabha'). The electron-
electron exchange effect is included in the former,
while the so-called positron-electron "exchange"
through virtual annihilation and recreation of a
new pair is included in the latter. Moreover,
the contribution from the Coulomb interaction of
incident particles with the target nucleus is dif-
ferent in both cases owing to the attractive and
repulsive forces for electrons and positrons,
respectively.

Kolbenstvedt developed a theoretical treatment
of &shell ionization by impact of relativistic elec-
trons, using the impact-parameter method and
dividing the total cross section into two terms,
close and distant collisions. Since his treatment
appeared applicable to positron impact, Schiebel
et al. ' and Tawara improved it and calculated
the cross section of the E-shell ionization for
positron impact, by replacing the Mdller cross
section by the Bhabha cross section in the close
collision term. In their calculations a correction
for the atomic Coulomb field is taken into consid-
eration in a classical way. Recently, Hock'0

attempted to refine their calculations by correct-
ing the close collisions for the initial and final
Coulomb interactions, as will be discussed in
Sec. III.

Experimental studies on inner-shell ionization
by positron impact are very scarce. Flammers-
feld and his collaborators2'3 measured first the
absolute E -shell ionization cross sections for
elements with Z higher than forty, Zr, Ag, Sn,
W, Au, and Pb, by impact of electrons and pos-
itrons in the energy range of 0.1-1.44 MeV using
a P-ray spectrometer as a source of monoener-
getic projectile beams and a Naf(T1) detector for
x-rays in an x —e and x- e' coincidence arrange-
ment. Down to the lowest energy no systematic
difference was found in the corresponding mea-
sured cross sections for electrons and positrons
within experimental uncertainties between--10 to
20%. Berdnyi and his coworkers determined
the ionisation cross sections by positron impact
for the R shell of Ni, Y, and Ag at 670 and 490
keV, and for the L shell of Yb, Ta, Au, and Pb
at 490 keV, by adopting a technique similar to
that of the Gottingen group (Flammersfeld et al.).
Comparing their measured values with those ob-
tained by electrons with corresponding impact
energies, they found no difference between them
within errors of about 20%. These results by
the Gottingen group and the Debrecen group imply
that both the electron exchage effect and the Cou-
lomb distortion effect are small in the impact
energy region concerned. In the fully relativistic
range (10-20 MeV) Schiebel et a/. ' reported ratios
of E- and L-shell x-ray yieMs by electron and pos-
itron impact on Au with an accuracy of better
than +1.6%. Based on the assumption that there
is no difference between the L x-ray production
cross sections by electron and positron impact,
they showed that the R-shell x-ray production
cross section by electrons is about 270 larger
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than that by positrons. Their results seem to
be in agreement with their calculations, which
modify the Kolbenstvedt theory and introduce a
correction factor for the deflection of the pro-
jectile trajectories in the Coulomb field of the
nucleus. Moreover, they suggested that a larger
difference in electron and positron impact is to
be expected near the threshold energy, since the
Coulomb deflection effect is much enhanced there.

The present work was attempted in order to
obtain valuable information on electron exchange
and Coulomb distortion of the projectile waves
due to the target nucleus, especially near the
threshold energy where the ionization theory has
not yet been well established. By the use of a
p-ray spectrometer and a Si(Li) x-ray detector,
we have measured the Ka x-ray and total I- x-ray
yields for 100-400-keV electrons and positrons in
the case of 4~Ag with the K-shell binding energy
BK =25.5 keV and the average I -shell binding
energy BL, =3.5 keV. The impact energies of the
present work correspond to about 48„-16+and
29B1.-114BI.. Since our experiment was focused
on the study of the differences between electron
and positron impact, the relative x-ray production
cross sections have been measured, and the ratios
of the cross sections by electrons to that by posi-
trons have been evaluated. The present relative
measurement was free from serious uncertain-
ties caused by evaluation of the x-ray detection
efficiency ~n situ and of the target thickness.
Several annihilation processes with inner-shell
electrons were discussed, in so far as they may
be competing processes in enhancing x-ray yields
in the positron impact. Vfe report-here the details
of our experiment and compare the results with
the theoretical calculations based on the Kolben-
stvedt theory. A brief account of the present
work has been previously reported. '2

II. EXPERIMENTAL

Monoenergetic electron and positron beams
mere obtained by the use of a sector-type double-
focusing P-ray spectrometer mounted with 12-
mCj '3~Cs and 10-mCi "Sr(+"Y) as electron
sources and 10-mCi Na as a positron source.
Using these sources 100-, 150-, 200-, 300-, and
400-keV beams were achieved. The energy cal-
ibration of these beams was carried out using
K- and L-conversion lines of ' QCd, "3Sn, and
~ 'Cs, which lie in the energy range from 63 to
656 keV. The resolution in momentum full width
at half maximum (FWHM) was found to be 1.0%.

The experimental arrangement in the target
chamber is shown in Fig. 1. A self-supporting
pure (99.97/q) silver target of 30X27 mm2 in
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FlG. l. Experimental arrangement in the target cham-
ber: S, slit; P, lead shields; A&, 10-mm-diam by 93-
mm-long aluminum collimator; A2, aluminum target
holder; A3, aluminum cap-ring with a 220- pm-. thick
beryllium window.

size and 0.52 mg/cm'in thickness was mounted
at an angle of 45 with respect to the incident beam
direction. The Ag K and L x-rays emitted by the
process to be studied were observed by a Si(Li)
detector (80&&5 mm ) with a 25-pm-thick Be win-
dom, which mas placed just below the target but
beyond a Be diaphram of 220-p, m thickness. The
energy resolution (FWHM) of this detector was
found to be 280 eV for 5.9-keV Mn K x rays.
The target chamber was designed as carefully
as possible so as to reduce unfavorable effects
of the annihilation rays emitted from the slits
and of other x rays emitted from surrounding
mate rials.

The absolute number of the incident particles
impinging on the target foil was measured for
each selected energy by a 32-mm diam & 5-mm
thick plastic scintillator placed at about 5 cm
behind the target positron but with the target re-
moved. Positioning of the target was examined
to be reproducible within 0.7% as regards the
effective solid angle subtended by the detector to
the target. Typical energy spectra of the incident
electrons and positrons (300 keV) are shown in
Fig. 2. In the positron spectrum, as shown in the
figure, a small tail is appreciable in the higher-
energy region extending to energies about 400
keV higher than the peak position. This small
higher-energy spectrum is caused by the Comp-
ton recoil electrons produced by the 511-keV
annihilation rays, which were in turn produced by
incident positrons stopped in the plastic scintill-
ator. Taking account of this fact, for the total
number of incident positrons on the target foil
we adopted the total counts integrated over the
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energy region until about 400 keV higher than the
peak positions for all the incident energies stud-
ied. The number of the incident particles on the
target-per-unit time thus measured varied from
1.9 && 101 to 7.6 x 101/sec, depending on the im-
pact energy and the source used. During long-
run x-ray measurements the plastic detector
was used for monitoring the particles passing
through the target, but it was placed about 30 cm
from the target position to reduce as much as
possible the undesirable effects of the annihila-
tion rays emitted from this detector. In each set
of measurements it was confirmed that the inten-
sity of the incident beam did not vary by more
than +3.0/p.

When positrons are used as the projectiles, in
the vicinity of the target foil there may be an
abundance of Compton-scattered photons of the
511-keV annihilation rays originating from the
surrounding materials of the target such as the
collimator and walls of the target chamber. For
this reason, in the case of positron impact the
Ag x rays produced by impact ionization may be
contaminated by those of another origin, i.e. ,
by Ag x rays caused by the photoelectric effect
of scattered y rays with degraded energies
around the R-absorption edge (25.5 keV) and/or
L-absorption edge (-3.5 keV). In order to esti-
mate the contribution by contamination, a Lucite
plate of 50 & 50 mm2 and 5-mm thickness was
placed just in front of the target. The thickness
of this plate was such that all incident positrons
were stopped in it. In this case, since the target
was irradiated by only photons, including both

FIG. 2. Typical spectra of incident electrons and posi-
trans observed with a plastic scintillation detector.
Spectra (a) and (b) are obtained with 300-keV electrons
and positrons, respectively.

annihilation rays from the plate and scattered
rays from the surroundings, the Ag x rays emit-
ted from the target foil were caused by photo-
ionization. Moreover, by inserting such a Lucite
plate, a contribution to the x-xay yield from the
bremsstrahlung by projectiles, if it exists, can
also be determined. The background intensity
with the plate was much stronger than that with-
out it. For this reason, observed x-ray peak
areas with and without the plate had to be com-
pared with each other by normalizing them to the
areas of the background under the peaks in the
respective observed spectra. By this procedure
it was confirmed that photoelectric production
of K x rays was negligibly small, since no K x-ray
peak could be observed with the Lucite plate. As
to the L x-ray yield, however, the contribution
from the same origin was found to be between
3.6-9.3% of the L x-ray yields for 100-400-keV
positron impact. These results are reasonable
because the atomic photoelectric cross section
for L shell at L-absorption edge is about 26 times
that for K shell at K-absorption edge. 4 This
trend depends, of course, on the present geome-
trical arrangement of the target, the Si(Li) de-
tector, and the walls of the target chamber. %'hen

we evaluated the L x-ray yield, the contribution
estimated by this procedure was subtracted from
the observed spectrum by taking account of the
background intensities with and without the I.ucite
plate. It is also noted that by inserting the Lucite
plate in the case of electron impact we could con-
firm photoproduction of x rays by the bremsstrah-
lung being negligibly small in the present work.

In order to obtain the final results with good
statistics, x-ray data were accumulated for about
two weeks or more in each measurement run for
selected impact energies of electrons and posi-
trons. The stability of the whole system, crucial
to the success of the experiment, was checked
every 12 h during long-run measurements.

III. RESULTS AND DISCUSSION

When we estimate the x-ray production from the
target by the impact-ionization of positrons, we
must examine the possible competing processes
which may enhance the x-ray yield, viz. , several
annihilation processes of positrons in flight with
strongly bound electrons which result in the crea-
tion of the inner-shell vacancy followed by emis-
sion of R or L x rays. Of these processes, single-
quantum annihilation (SQA),t' '1 radiationless an-
nihilation (ZQA), 11 and two-quantum annihilation
(&-TQA) 1 are known; all of these processes have
some probability to produce Jf and/or L x rays.
These processes are more probable for the K
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tion of the Si(Li) detector used, Kn x-ray peak
cannot be resolved into Kn& and Knz lines and
L x-ray peak into Lo, Lp, . . . lines. The Kp
x-ray peak is also observed, but with poor
statistics, as shown in the figure. The background
is due to the bremsstrahlung in the case of elec-
tron impact, while in the positron experiment it
is due to the bremsstrahlung plus more abundant
annihilation rays. The peak areas were evaluated
by a least-squares fitting to the background counts
on both sides of the peak. Here, the background
for the Kn x-ray peak was assumed to be linear,
while for the L x-ray peak it was assumed to be
polynomial. The errors were estimated by includ-
ing the background-subtraction uncertainty and
statistical error. In order to check and improve
our estimation of peak area a nonlinear least-
squares fitting to the Ko. x-ray peaks was also
performed, assuming several peak shapes to be
Gaussian with an exponential tail on the low-energy
side. It was confirmed that the evaluated peak
areas in both methods were in good agreement.
However, since the errors obtained from the
nonlinear fitting technique were not improved
noticeably in comparison with the simple back-
ground subtraction, we adopted the subtraction
method to evaluate the peak areas and their errors.

Figure 4 displays measured KQ, x-ray produc-
tion cross sections, expressed by a ratio of'

N„/N~, where N„ is the observed Ag Kn x-ray
yield and N~ is the total number of impact elec-
trons or positrons during the net duration of
measurement. In the region of impact energy
higher than 200 keV, i.e. , about eight times E-
shell binding energy (25.5 keV), measured values
with electron and positron impact lie very close
to each other. From the experiments by Webster

shell than for outer shells, as the recoil momen-
tum must be taken up by the nucleus concerned.
According to calculations of the total SQA cross
sections by Johnson et a/. ,

"which are in good
agreement with the experimen'tal results, ~e'

K-shell SQA cross section for Ag is 0.048 barns
as a maximum value at 190-keV incident energy.
The contribution of L -shell electons was calcu-
lated by Broda and Johnson'~: about 13% of the
E-shell cross section in nearly the same energy
region studied in the present work. As for ZQA
and K TQA-, available information is quite limited,
since for each process only one experimental work
has so far been performed, and this in our labora-
tory. "'" Nevertheless, from our experimental
results on these processes it is reasonable to as-
sert that the cross section of E x-ray production
by ZQA is less than 0.01 barns and that by K-TQA
is of the order of 0.1 barns for Ag as an upper
limit and positrons with incident energies invol-
ved in the present work. Reflecting these very
small probabilities for production of K x rays by
SQA, ZQA, and K-TQA in comparison with the
present impact-ionization process of about 50-
60 barns, ' contributions from these three anni-
hilation processes can be ignored in the present
work. However, it is emphasized that the contri-
butions from these annihilation processes are
sizable in the case of high-Z elements and several-
hundred-keV impact-energy range, since the cross
sections of the processes increase strongly with
Z; e.g. , the measured SQA cross section, which
increases roughly with 8', is 0.6 + 0.2 barns at
300 keV for»Au (Ref. 18.}

Typical observed spectra of the x rays are
shown in Fig. 3. Because of the limited resolu-
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FIG. 3. Typical spectra of Ag x rays observed with a
Si(Li) detector. Spectra (a) and (b) are obtained with
100-keV electrons and positrons, respectively. The
broken curves indicate the most reasonable backgrounds
determined by the least-squares fitting technique.
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FIG. 5. Measured ratio OE /OE of the cross section
for Ko. x-ray production by electrons to that by posi-
trons. The broken curve shows our estimation without
Coulomb deflection within the framework of the Kolben-
stvedt theory. The solid curve represents the theoreti-
cal prediction by Hock (Ref. 10}, taking account of
Coulomb deflection.

et al. and Davis et al.23 it ha, s been found that the
K-shell ionization cross section by electron im-
pact becomes maximum at about 100 keV. This
trend is also confirmed by the present work.
However, in the case of positron impact, we have
found that the impact energy which yields the maxi-
mum cross section shifts to the higher-energy
side by roughly 80 keV.

In order to study the phenomenon more precisely,
we set out to determine the measured ratio of the
cross section for the Ka x-ray production by elec-
trons to that by positrons, oz, /oz, as a function
of the impact energy, and our results are shown
in Fig. 5. In the energy range higher than 200 keV
measured ratios agree with unity within and ex-
perimental error +10go, but below this range the
ratio goes up with decrease in energy: 1.12 +0.07
at 150 keV and 1.36 +0.06 at 100 keV. The similar
ratio v~/o~ obtained for L x-ray production is
presented in Fig. 6. Unfortunately, the errors
are relatively large owing to the high ba,ckground
under the L x-ray peak in the positron-impact
case, as shown in Fig. 3(b). Owing to these un-
certainties, differences in the L x-ray production,
if they exist, are not appreciable over the whole
range.

It is noted, however, that in the impact-energy
range of 0.1-1.44 MeV, o& and 0~ as measured
with several elements including Agby Flammersfeld
and his coworkers, 2'3 agree with each other within
errors of 10to 20Vo. Their results seem to support
the treatment of the plane-wave Born approximation
(&WBA), based on the assumptionthatboth the ex-
change effectbetween incident electron and atomic
electron and the Coulomb-deflection effect due to
the target nucleus are small in this energy range.

O6/ t I t I i I i I

0 I OO ROC 300 400 600

1MPAC.T ENERGY Eo (RV)

FIG. 6. Measured ratio a. l/c z, of the cross section for
total I. x-ray production by electrons to that by posi-
trons. The broken curve shows our estimation similar
to that in Fig. 5.

It is, however, well known that their measured
values for electron impact are in clear disagree-
ment with those obtained by other workers. '

Here, as viewed from the experimental side, we
wish to emphasize that experimental deter'mina-
tion of some of the factors necessary for evalua-
tion of absolute cross sections is very difficult.

In the framework of the theory by Kolbenstvedt,
we have attempted to calculate these ratios by
adopting a treatment similar to that used by
Schiebel et al. ' and Tawara, but without including
the correction for the Coulomb deflection. The
total L x-ray production cross sections have been
calculated in the usual fashion24 by using the
photoelectric cross section for the L shell pro-
vided by Hall ' (instead of that for the K shell in
the Kolbenstvedt theory) and by the use of the
atomic parameters, i.e. , fluorescence and Cos-
ter-Kronig yields of Lsubshells, taken from the
work of Mcouire and relative radiative branch-
ing fractions from the calculations of Scofield. '
Our results are shown by broken curves in Figs.
5 and 6.

In Fig. 5 the calculated curve is in good agree-
ment with our experimental values at 200, 300,
and 400 keV. In the energy region lower than
200 keV, however, the curve goes downward
owing to the exchange effect incorporated in
the Mgfller cross section and to a negligible con-
tribution from the virtual annihilation terms in
the Bhabha cross section. This tendency is
strongly contrary to the behavior of our data.
In order to explain our data, Hock' has recently
attempted to calculate the os/a» by taking account
of the correction for the Coulomb distortion. He
corrected the close collisions for the initial- and
final-state Coulomb i.nteractions, at least in the
low-energy region. In his treatment, for the
ejected electron-nucleus distortion, he used the
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ratio of the nonrelativistic Coulomb-wave atomic
matrix element to that for plane wave. Further,
for the projectile-nucleus Coulomb distortion,
he used the nonrelativistic Coulomb-wave brems-
strahlung cross sections, different for electrons
and positrons. His results, as given by a solid
curve in Fig. 5, show agreement with the general
trend of our experimental results. This fact
strongly suggests that the effect of the Coulomb
deflection plays an important role in the impact-
energy range lower than several times E-shell
binding energy. As for the experimental results
of the I. x-ray yields, the measured ratios a~/oz,
although with la.rge errors, seem to agree with
our calculated prediction, as shown in Fig. 6.

Through the present work of the E and L x-ray
production by electrons and positrons in the case
of Ag, we conclude as follows. Within the experi-
mental. uncertainty of about 1G/& the K-sheii ion-
ization cross sections are the same for electrons
and positrons in the energy range from 200 to
400 keV. This result provides an experimental
support for PWBA treatment in this energy range,
In the energy region lower than 200 keV, it has
been found experimentally for the first time that
the K-shell ionization cross section by electrons
is larger than that by positrons. This result

strongly indicates that the effect of the Coulomb
deflection due to the target nucleus is very pro-
nounced there in comparison with the effect of
electron exchange. As for I x-ray yield no ap-
preciable difference between the experimental
data with electrons and positrons was found over
the whole impact energy range studied.

It is hoped that experiments in the impact ener-
gies nearer to the threshold energy will be at-
tempted so that additional information can be ob-
tained. Experiments with heavy target elements
would be of great interest; measurements using
79Au are now in pr ogr es s. It is al so hoped that
more elaborate theoretical work will be done on
the difference between electron and positron- im-
pact.
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