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We have measured K-shell ionization cross sections by electron impact for 19 elements with atomic number
in the range Z = 13-92, L- and M-shell ionization cross sections for nine and two heavier elements,
respectively, in the energy range 70-270 MeV. The results on the K-shell ionization were compared with the
predictions from the revised Kolbenstvedt theory and the plane-wave Born approximation calculation by
Davidovi¢ and Moiseiwitsch, and good agreements were obtained. The L- and M-shell ionization cross
sections were also compared with the predictions from the Kolbenstvedt theory using photoeffect cross
sections for these shells and good agreements were obtained, although there is some ambiguity in the
photoeffect cross section used in the estimation. The K-shell ionization cross sections, together with other
experimental results, were represented in a good scaled form based on the revised Kolbenstvedt theory.

I. INTRODUCTION

Experimental studies on inner-shell ionization
by electron impact in a region above several
MeV are still scarce. In 1970, Middleman ef al.!
measured the K-shell ionization cross sections
of eight elements with atomic number in the range
Z =29-83 and also L-shell ionization cross sec-
tions of four higher-Z elements over the incident
energy range 150-900 MeV using the Stanford
linear accelerator Mark III; they showed that the
experimental results are in good agreement with
the revised Kolbenstvedt theory? of approximate
virtual photon method.

Recently Dangerfield and Spicer® measured the
K-shell ionization cross sections of Ni, Ag, and
Au with incident electrons over the energy range
3-30 MeV using external beams from a betatron
and an Nal scintillation counter. Their results are
somewhat inconsistent with other experimental re-
sults. They estimated the ionization cross sec-
tions from the Kolbenstvedt theory by taking photo-
effect cross sections of Stobbe* and of Schmickley
and Pratt® and pointed out that there is no theory
which can reproduce the experimental results well
over the whole relativistic energy range 0.1-900
MeV and also that the lack of evidence on the pre-
dicted density effect® is puzzling. Genz ef al.”
recently reported experimental results on K-shell
ionization cross sections in the energy region 20—
60 MeV.

We recently measured the K-shell ionization
cross sections for several elements over the en-
ergy range 70-270 MeV and compared the results
with the theoretical predictions in scaled repre-
sentations.®

Here the measurements are extended to other
elements and to L- and M-shell ionizations, and
the results on K-shell ionizations, together with
the other experimental results, are compared with
the theoretical predictions from the revised Kol-
benstvedt theory and from the plane-wave Born
approximation (PWBA) theory of Davidovié and
Moiseiwitsch® in some scaled representations.
The Kolbenstvedt theory is also applied to L -
and M-shell ionizations by using the photoeffect
cross sections for these shells.

II. EXPERIMENT

Electron beams were accelerated by the 300-MeV
linear accelerator of Tohoku University. The gen-
eral experimental setup is shown in Fig. 1. Since
this accelerator produces 300 pulses per sec of
3 usec width, the pile-up effect is a serious prob-
lem in this measurement. In order to minimize
this effect and background radiation, the beam cur-
rent was measured with a secondary emission
monitor (SEM) instead of a Faraday cup and the
detector was set outside of the scattering chamber
of 442 mm diameter at a backward direction of
150° to the beam and the beam current kept below
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FIG. 1. Experimental arrangement. SEM is a secon-
dary emission monitor.

several nanoamperes, corresponding to counting
rates below 10 counts/sec. Elastically scattered
electrons were also measured with the use of a
magnetic spectrograph to monitor the beam cur-
rent and to estimate the target thickness. A de-
tector of Si(Li) or pure Ge was surrounded by

lead blocks of about 10 cm thickness. The former
detector was an Ortec with 205 eV energy resolu-
tion at 6 keV and was used for measurements of
lower-energy x rays. The pure-Ge detector (Gam-
ma-TEC) had an energy resolution of 180 eV at

6 keV and was used for higher-energy x rays. The
efficiency curve for the Si(Li) detector measured
with standard radioactive sources of 2*!Am and
57Co in our previous works!® was used.. The ef-
ficiency for the pure-Ge detector was measured by
the same procedures as for the Si(Li) detector, and
it was ascertained that the efficiency curves for
these two detectors give consistent x-ray produc-
tion cross sections in the overlapping energy re-
gion.

The targets of Mo, Pd, Sm, and Ho were pre-
pared by vacuum evaporation on 4-um Mylar foils,
and those of Cu, Zn, Se, Y, In, Sn, Pb, and Bi
were on aluminum foils. The Ca and Ba targets
were prepared by evaporating on Al foils and
were covered with aluminum to avoid oxidation.
Targets of Al, Si, and Au were self-supporting.

A VYNS foil was used as the Cl target. The U
target was prepared by electrospraying of a solu-
tion of uranylacetate [(CH,COO),UO, * 2H,O] onto
an 100-ug/ cm? Al foil. The thickness of targets
was measured by elastic scattering of electrons
and 3-MeV protons from a Van de Graaff genera-
tor. The targets used are summarized in Table 1.

Some of the spectra obtained are shown in Figs.
2(a)-2(c), which show sufficiently low and flat
backgrounds. After subtracting the background,
the counts of detected x rays were corrected for
absorption in the target, in the window of the tar-
get chamber of a 10-pum-thick Mylar foil and, in
the 15.5-mm air path. The solid angle subtended
by the detector was determined from the geometry.
K-shell ionization cross sections were estimated

TABLE I. Targets used.

Target X rays Thickness
atomic no. measured (ug/cm?)

13Al K 64.2
1St K 363
1Cl K 36.0
20Ca K 73.1
29CU K 45.6
3021 K 276
34Se K 259
39Y K 133
42M0 K 454
4Pd L 27.8
49In K and L 1183
505N K and L 392
s¢Ba K and L 193
@Sm K 299
g7HO K and L 258
19AU K and L 1280
g Pb K,L and M 414
g3Bi K,L and M 235

- U K and L 228

using the values of fluorescence yield shown in
Table III.IV of a review article of Bambyneck

et al.'* as the selected “most reliable” experi-
mental values or the fitted values, which are
shown in Table II. The L-shell ionization cross
sections were obtained from the mean fluorescence
yield for L-shell &;, which is defined by

- WY/ L+ 208,
L= 1/1,+1/1,+2/1, ’
where I; is the ionization‘:energy of the ith sub-
shell and

(1)

Wit = W, + f1,0, +(frs +fiaSos) Ws 5

WSt = w, + 305,

w;ft =W,
the w; being the fluorescence yield for the ith sub-
shell and the f;; the Coster-Kronig transition co-
efficient between the ith and jth subshells. The
values of these quantities were taken from Table
IV.XV of Bambyneck et al.'* The mean fluores-
cence yields for M-shell were also from Table
V.III of that article.

III. RESULTS AND DISCUSSION

The K-, L-, and M-shell ionization cross
sections thus obtained, together with those of
our previous measurements,® are shown in Tables
II, III, and IV, respectively. Overall errors of
the K-shell ionization cross sections are estimated
to be 15%, except for 40% for lighter elements—
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FIG. 2. (a) PbK x-ray spectrum obtained at E, =90 MeV with the pure Ge detector. (b) PbL x-ray spectrum ob-

tained at E, =90 MeV with the Si(Li) detector. (c) PbM x-ray spectrum obtained at E, =90 MeV with the Si(Li) detector.

The lower energy part was cut off by the PHA bias.



TABLE II. K-shell ionization cross sections.

Target E, (MeV) o! (b) wg
Al 150 2.84%x10° 0.0380
Si 150 2.25%x 103 0.043
cl 270 1.27x10° 0.0955
Ca 70 8.89 % 10° 0.163

150 9.08 % 10?
270 1.05x10%
Cu, 150 4.56 % 10° 0.443
Zn 150 3.96x10? 0.479
Se 70 2.69% 10° 0.596
150 2.74%x10?
Y 70 1.89x10? 0.711
150 1.87x10?
270 2.05 x 10°
Mo 90 ©1.48x102 0.764
Pd 90 1.16x10% 0.819
250 1.28x10%
In 150 1.28x 10° 0.850
Sn 150 1.11x10? 0.859
Ba 70 7.64%x10! 0.901
90 6.86x10!
150 7.76x10!
270 8.95x10!
Sm 90 5.36x10! 0.928
Ho 90 3.79x10! 0.943
Au 90 2.85% 10! 0.964
Pb 90 2.26x10! 0.972
Bi 90 2.14x 10! 0.970
U 90 1.80x 10! 0.970

sAl, Si, Cl, and Ca—and 10% for heavier elements —
Au, Pb, Bi, and U. These errors for the L- and
M-shell ionization cross sections are 12 and 15%,
respectively. These values were obtained by taking
into account (1) uncertainties of detector efficiency
of 5, 7, and 10% for the K-, L-, and M-shell x
rays, respectively, (2) statistical uncertainties

of 2, 3, and 4% for the K-, L-, M-shell X rays,
respectively, (3) those for target thickness of
8-10%, and (4) uncertainty of geometrical factor

of 5%. Large errors of 40% for lighter elements
come from large absorption correction in the path
because of the low x-ray energies and also from
the large uncertainty of detector efficiency for
these x rays.

As for theories which are applicable for inner-
shell ionizations by ultrarelativistic electron im-
pact, Davidovi¢ and Moiseiwitsch® have done PWBA
calculations and Kolbenstvedt? has done calcula-
tions by the impact parameter method. Predic-
tions from these theories are compared with the
present experimental results on K-shell ionization
at incident electron energy E,=90 and 150 MeV in
Fig. 3. As seen in this figure, the PWBA calcula-
tion gives good agreement with experimental re-
sults. The revised Kolbenstvedt theory, taking in-
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TABLE III. L-shell ionization cross sections.

Target E, (MeV) ol (b) Wy
Pd 90 4.23x10° 0.0559
250 4.71x10°
In 150 4.95%x10° 0.0557
Sn 90 3.52x10° 0.0596
150 4.38%10%

250 3.30%10°
Ba 90 2.48x103 0.0940
150 2.87x10°
250 2.76x 10
Ho 90 1.25%x10% 0.213
Au 150 9.69%10° 0.349
Pb 90 7.97 x 10° 0.342
150 1.00x103
250 8.56x 10°
Bi 90 6.55% 10° 0.409
150 8.01x10?
250 7.81% 102
U 90 4.42x 10 0.592

to account the screening number, also gives good
agreements with experimental results. Since the
Kolbenstvedt theory gives a clear physical picture
on the mechanism of inner-shell ionization, our
discussion will be mainly based on this theory.

The' L -shell ionization cross sections are shown
in Fig. 4(a), 4(b), and 4(c) for E,=90, 150, and
250 MeV, respectively. The results obtained by
Middleman et al. are also shown. The solid lines
in these figures were calculated from the Kolben-
stvedt theory by using the photoeffect cross sec-
tions for the L shell given by Hall* instead of
those for the K shell in the Kolbenstvedt calcula-
tion.

The results on M-shell ionizations for two heavy
elements, Bi and Pb, are shown in Fig. 5. Here
the solid curves were also obtained from the Kol-
benstvedt theory using the photoeffect cross sec-
tion for the M shell given by Hall. Here again good
agreement is obtained between the experimental
results and the calculation.

Though the Kolbenstvedt theory gives fairly good
agreement with the experimental results on K-,
L-, and M-shell ionization cross sections as de-

TABLE IV. M-shell ionization cross sections.

Target E, (MeV) ol () Wy

Pb 90 1.08x10% 0.029
250 1.16x10%

Bi - 90 9.64 x10° 0.035
250 1.17x 10t
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FIG. 3. K-shell ionization cross sections obtained
at E, =90 and 150 MeV are compared with the predic-
tions from the revised Kolbenstvedt theory and from
the PWBA calculation of Davidovi¢ and Moiseiwitsch.
The results of Middleman et al. are taken from Ref. 1.

scribed above, it must be noted that there is am-
biguity in the values of photoeffect cross section
used in estimating the ionization cross section for
distant collisions. The main contribution to the
inner-shell ionization by distant collisions comes
from the photoeffect cross section in the region
just above the absorption edge, where Hall’s
formula* gives values fairly larger than experi-
mental values.® For example, the photoeffect
cross sections given by Hall are about twice

the experimental values for the Al K shell, and

as the atomic number increases the ratio of theo-
retical to experimental values gradually decreas-
es, reaching about unity at the U K shell. The ra-
tios for U L and M shells are 3 and 6, respective-
ly. Therefore, if the experimental photoeffect
cross sections were used in the theoretical esti-
mation described above, the predicted inner-
shell ionization cross sections would become fairly
smaller than the experimental values. Neverthe-
less, it can be said that the ionization cross sec-
tions using the photoeffect cross sections of Hall
give good agreement with the experimental ioniza-
tion cross sections for the L and M shells as well
as for the K shell. Although reasons for this in-
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FIG. 4. (a) L-shell ionization cross sections mea-
sured at E, =90 MeV as a function of atomic number.
The solid line was estimated from the Kolbenstvedt
theory. (b) Same as in (a), except for E, =150 MeV.
(c) Same as in (a), except for E, =250 MeV.

consistency are not clear-at the moment, it may
be due to the difference between the real photoef-
fect and the virtual photoeffect used in the impact-
parameter method.
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FIG. 5. M-shell ionization cross sections for Bi and
Pb measured at E, =90 and 250 MeV. The solid curves
were estimated from the Kolbenstvedt theory.

IV. SCALED REPRESENTATIONS OF K-SHELL
IONIZATION CROSS SECTIONS

Pessa and Newell'® have given the correction
- factor for relativistic effects on inner-shell ioniza-
tion cross section and obtained fairly good agree-
ment with experimental results over the impact
energy range 3< E,/I <25, where E, is the inci-
dent electron energy and [ is the ionization ener-
gy. Although the impact energy in the present ex-
periment is much higher than the energy mentioned
above, their calculations suggest a scaling law

Io'<In(E,/I), (2)

where o7 is the ionization cross section.

Figure 6 shows this representation together with
other experimental results. Here the experimental
points are rather scattered and not so well scaled.
Theoretical predictions from the revised Kolben-
stvedt theory and the PWBA calculation by Davido-
vié¢ and Moiseiwitsch are shown by the dotted and
the solid curves, respectively. Good agreement
between the two theories and the experimental re-
sults is seen in this figure. Next, I¢’ versus
E,/I? is plotted in Fig. 7, where the division of
E,/I by I means the displacement of experimental
points for heavier elements in Fig. 6 to the left
side. The scaling is much improved except for
the results on Ni obtained by Dangerfield and
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FIG. 6. Scaled representation following the Pessa-
Newell theory. Dotted curves show the revised Kol-
benstvedt theory; solid curves are from the Davidovié
and Moiseiwitsch theory. Experimental results other
than the present ones are taken from the papers of
Dangerfield and Spicer (Ref. 3), Motz and Placious (Ref.
14), Middleman et al. (Ref. 1), Pockman et al. (Ref. 15),
Berkner et al. (Ref. 16), Rester and Dance (Ref. 17),
and Genz et al. (Ref. 7).

Spicer.?

Since the revised Kolbenstvedt theory agrees
well with the experimental results as seen in
Figs. 3 and 6, we tried to deduce a scaling law

121 K—Shell Ionization

- barns)
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I
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FIG. 7. Scaled representation in plots of Ioj/mec2
versus E,/I%.
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FIG. 8. Scaled representation following the revised
Kolbenstvedt theory in the ultrarelativistic energy re-
gion.

from this theory. Assuming E, > me*=0.511
MeV (m, being the electron rest mass), i.e.,

in the ultrarelativistic energy region, the re-
vised Kolbenstvedt theory gives the following re-
lation:

(07 = 0)1,,6%/0=F(E2/I ,9) (3)
with
Oo=4m72m /1, and @=1 - 151 -0),

where ], is the observed ionization energy, 6 is
the screening number, ¥, is the classical electron
radius, and o, is the ionization cross section for
close collisions. Thus, by subtracting out the
constant ionization cross section for close colli-
sions, the relativistic increase of the cross sec-
tion for distant collisions can theoretically be well
scaled. Figure 8 shows the plot of experimental
results following Eq. (3); the dotted line is the
scaled prediction for all elements from the re-
vised Kolbenstvedt theory. It must be noted that
the scale of the ordinate is enlarged in comparison
with that of Fig. 7. It is concluded from this fig-
ure that the experimental results can be well
scaled and give good agreement with the theory,
except those data of Dangerfield and Spicer, which
show a discontinuity in relation to other measure-

ments on Ag and Au. It is unlikely that such an
anomalous behavior might occur in the energy re-
gion 20-70 MeV. New measurements in this en-
ergy region would be desirable..

The theoretical line in Fig. 8 is expressed by

E2
~1441n-Le
T

I 3
(i —go)loﬁ +1052 (barns)

ob

(E, in Mev, I, in keV), and the experimental

3 40

points are fitted with x> minimum by
(04 = )1 0° ~1291n E;

[3) 0

ob

+1017 (barns) ,

where o, and ol are the theoretical and experi-
mental ionization cross sections, respectively.
Both lines coincide with each other within an ex-
perimental error of 10%.

V. SUMMARY

K-, L-, and M-shell ionization cross sections
by electron impact have been measured over the
energy range 70-270 MeV and the results on K-
shell ionization compared with predictions from
the revised Kolbenstvedt theory and from the
PWBA calculations of Davidovi¢ and Moiseiwitsch.
Good agreement is obtained between the experi-
ment and the theories.

The measured L- and M-shell ionization cross
sections were also compared with the Kolben-
stvedt theory where the photoeffect cross sec-
tions for these shells were used, and it was
found that this theory can give a good fit to the
experimental results, although there is ambiguity
in the values of the photoeffect cross section used
in estimating the ionization cross section for dis-
tant collisions.

The K-shell ionization cross sections, together
with other experimental results, were shown in
scaled representations. In particular, a new
scaling law for an ultrarelativistic energy region
was derived from the revised Kolbenstvedt theory;
it gives good agreement with the experimental re-
sults except those obtained by Dangerfield and
Spicer in the region 20-70 MeV.
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