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Using high-resolution semiconductor detectors, a study was made of the large K-ionization
cross sections of atoms over a wide range of atomic numbers (Z=29-83) and of incident elec-
tron energies (E=150—900 MeV). For the higher-Z elements (Z>60), the L x-ray cross sec-
tions were also measured over the incident electron energy range. Ratios of the relative
intensities of various distinct lines were determined and compared to recent low-energy work.
The results of the K-ionization experiment are compared to the recent relativistic calcula-
tions of Kolbenstvedt. The experimental K-ionization cross sections for each incident elec-
tron energy appear to fit a power-law dependence on the atomic number. The Kolbenstvedt
theory also exhibits a power-law dependence and is in good agreement with this experiment.
All differential x-ray cross sections were found to be isotropic. The L x-ray cross sections
measured for four high-Z elements increase with atomic number and incident electron energy.
The LB/La, LyY/La, and K/L intensity ratios are also given. A search for nuclear Yy rays
produced by high-energy electron scattering was also undertaken in this work. No nuclear
v-ray lines were detected. Recent theoretical calculations show that the expected cross
sections are below the minimum observable levels in these experiments. However, a
511-keV v line was observed. This line was associated with positron annihilation and was

apparently produced in the target.

I. INTRODUCTION

The availability of high-resolution semiconduc-
tor photon detectors furnished an interesting and
unique opportunity to study x-ray and Y-ray spectra
from solid targets excited by high-energy electron
bombardment. Figure 1 shows some of the possi-
bilities permitted by this new technique.

This investigation consisted of two phases. The
first involved the construction and adaptation of a
semiconductor x-ray and Y-ray detector system for
the Mark-III accelerator at Stanford. This work
was followed by a second phase which involved the
development of shielding and timing techniques and
the subsequent x-ray and y-ray experiments. The
experiments performed in this work were confined
to the observation of photons with energies be-
tween 5 keV and 2 MeV.

A. X-Ray Studies

The K-ionization cross sections from electron
bombardment have previously been investigated for
incident electron energies up to 2 MeV. Reviews
of the results of these investigations were given in
work by Motz and Placious, 'and by Kolbenstvedt. ?
These experiments were performed for only a few
atomic numbers, and there exist discrepancies be-
tween the various works and between experimental
results and existing theories.

This experiment was performed over a wide
range of atomic numbers and for incident energies
of 150, 300, 500, 700, and 900 MeV. By extending
the incident electron energy into this ultrarelativ-
istic range, the experiment yielded further infor-
mation on the energy-loss and energy-transfer
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mechanisms at high energy. A comparison of the
results with theoretical calculations provides atest
of the approximation techniques required in calcu-
lations of high-energy interactions.

The targets used were »3Cu, 381, 4,MO,9In, goTm,
7sTa, nAu, and g;Bi. With the good energy resolu-
tion of the semiconductor detectors [for the Si(Li)
detectors, full width at half-maximum =430 eV at
14.4 keV], the Ka/Kp intensity ratio was also mea-
sured for these targets over this energy range. For
the highest-Z elements used (;5Ta, 55Au, and 4Bi),
the Ka,/Ka, and KB{/Kp} intensity ratios were also
measured.
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FIG. 1. X-ray spectrum of U%® taken during initial
studies.
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In addition, the L x-ray cross sections were mea-
sured for the four high-Z elements, and the LB/La,
Ly/La, and K/L intensity ratios were determined.

B. ~v-Ray Studies

A search for nuclear y rays produced by high-
energy electron scattering was also undertaken in
this work. Several target elements were chosen
whose nuclei have energies of excited states of less
than 2 MeV.

Griffy® has made preliminary calculations for
the expected total cross section for excitation of
the E2 transition in Ta'®!. The initial search for
nuclear lines in Ta and Au was made and no lines
were detected with the exception of the 0.511-MeV
positron annihilation line. By observing this ¥ line,
estimates could be made of the minimum cross
sections which would be detectable for the conditions
of solid angle, background, noise, duty cycle of the
accelerator, and time limitation. This work com-
bined with more recent calculations by Whitehill
and Griffy®* provides estimates for possible future
measurements.

II. EQUIPMENT

To coordinate this experiment with othersalready
in progress on the Mark-III accelerator, the exist-
ing facilities were used. For this reason the shield-
ing vault of the detector system was mounted be-
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hind the 72-in. 180° double-focusing spectrometer
magnet. This layout, shown in Fig. 2, provided
additional shielding of the detector electronic equip-
ment from background radiation and scattered
particles, as well as a sweeping magnet to remove
background charged particles.

The general configuration of the experiment is
shown in Fig. 3. The concrete vault mounted oppo-
site the 72-in. magnet was also used for the y-ray
experiment. The two photon detectors used inthese
experiments were cooled lithium-drifted semicon-
ductor detectors. A 1-cm?® lithium-drifted germa-
nium Ge(Li) detector was used for the y-ray search
and for the higher-Z x-ray studies. The 0. 3-cm-
deep Si(Li) detector was used for all low-energy
x-ray studies. Figure 4 is a complete schematic
diagram of a detector cryostat.

The preamplifiers in these detector systems
used the high-resolution high-rate design of Gould-
ing. The complete detection and analysis system
is shown in Fig. 5. A description of the data stor-
age system is given elsewhere. ’

A complete calibration of the linearity of the
detector system was performed prior to these ex-
periments. The linearity studies performed on
each detector and on the entire electronic system
were reported earlier. ® In addition, energy-resolu-
tion and detection-efficiency studies were carried
out.® Figures 6 and 7 depict the absolute photopeak
efficiencies of the Si(Li) and Ge(Li) detectors,
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respectively. The absolute calibration method has
been described earlier.® The Ge(Li) detector effi-
ciency curve has not been corrected for the escape
of Ge K x rays; thus, the photopeak efficiency
decreases rapidly below 35 keV (Fig. 7). This de-
tector was not normally used for x-ray studies be-
low 50 keV.

Where possible, single isotopes were chosen as

targets. The targets were usually 99. 99% pure
and were typically between 1000 and 5000 A thick.
By using thin targets, K ionization produced by
target bremsstrahlung and secondary electrons
was minimized. Self-absorption of x rays was less
than 2% in these thin targets, and a high-intensity
stable electron beam could be used. Targets of
29CU, 3gSr, 49In, goTm, 4Au, and g;Bi were pro-
duced by vacuum deposition. The z,Mo and ,;Ta
targets were produced by ion sputtering. In either
procedure, the targets were deposited onto ;-mil
aluminum foil.

The anticipated low cross sections for nuclear
v rays required thicker targets. The targets used
in this experiment were ,In!?®, ,,Ta'®l , Au'®"
and g,Pb, and their thicknesses ranged from 40 to
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450 mg/cm?. With Mo, Sn, Ho, or Pb absorbers
placed between the detector and the target, the
high intensity of target x rays was substantially
reduced and the accelerator was operated at high-
er beam currents (107 - 10® electrons per pulse).

III. PROCEDURE

The detector systems, slits, and targets were
aligned before each experiment using motor-driven
jacks and trolleys. After each experimental run
the detector cryostat was removed because of the
high neutron flux associated with other high-current
experiments using the accelerator. Considerable
effort was spent in shielding and filtering these
detector systems from the rf noise produced by
the accelerator.

A. Reduction of Line-Spectra Data

The analysis program ANA used the IBM Data
Acquisition and Control System 7700. For a line
spectrum, a background continuum was approxi-
mated in the region of a peak by a polynomial fit
to background channels outside the region of the
peak. For the determination of cross sections, the
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area of a full-energy peak was adequately deter-
mined by integrating the total counts in the peak
after background subtraction. A thorough study of
many data records showed that uncertainties in the
choice of peak limits and background fit for this
integration introduced little additional uncertainty
to the results.’

The x-ray cross sections were corrected for

COINCIDENCE, [ < i) T,

! ! - HY 1
— F'UER,HFQWER SUPPLY. — TOR—*1
IGLE J’t
NNEL
ECT U

l {7 SIN
Rr L i ASAYIER |
: [-“‘““’“ i T o] (scmaror-+lscacen]
PREAMR  AMP i REJ RIMINAT |SCALER]
i 7 [ANALGG <70~ H-STORE COMMAND*
0

i X - L —DATA LINES—— INTERFACEL
, - -
PULSER Iscope |

scaen]

[ GAT] 1
| cenRATor *

1GITAL
GATE— _CONVERTER Ja—CLEAR COMMAND—.
" "{._ENERAT,QE,COWUDENCE

SEM. -

‘FARADAY!
. CuP T

|
. |
|

— e

TARGET AREA

MIDDLEMAN, FORD, AND HOFSTADTER

Do

FIG. 4. Schematic dia-
gram of the semiconductor
cryostat system.

~RELIEF VALVE

VAPOR PHASE
VOLUME

VACUUM ION PUMP
MAGNET

ASSEMBLY

target absorption, bremsstrahlung-induced x-ray
production, and additional absorption and scatter-
ing due to materials between the target and the
detector. In order to calculate the target absorp-
tion or self-absorption, it was assumed that the
incident beam of electrons produced K and L ion-
izations uniformly along its path through the target.
It was possible to make this assumption since these

FIG. 5. Block diagram of
the complete detection and
analysis system. The SCA
and ADC were a single com-
L scoe mercial unit. The interface
A permitted the transferral of

data between the 7700 system
and the 4096 -channel memory
as well as directing the ADC
output to either system.
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FIG. 6. Absolute photoelectric peak efficiency curve
of the Si(Li) detector.

targets were less than 2 mg/cm? thick. A multiple
Coulomb scattering calculation similar to that of
Segré” showed that a 100-MeV electron beam inci-
dent upon a 5-mg/cm? target of 79Au has a rms
multiple scattering angle 6,,,=6.5X 10-% rad.® Thus,
for these thin targets, the electron beam interac-
tion throughout the target is virtually unchanged.

For photons produced uniformly in a target of
thickness s, the intensity transmitted through the
target is given by

= [t ] p-r(Bram)
Itra.ns_fo Ixe dx!

where 1L(E) is the photoelectric absorption coeffi-
cient, d(x) is the path length in the target for a
photon produced at depth x, I, is the uniform pho-
ton production intensity per unit length, #=s/cosf
is the path length of the electron beam, s is the
target thickness, and 6 is the angle of incidence of
the electron beam as measured from the normal
to the target surface. Thus, the fractional target
transmission is

I CcosQ
—“trans_ ~VUO¥ (41 _ ,-us/cosv
T(s,Z, @) I s (1-e ),

where I is the total intensity of photons produced
in the target and ¢ is the viewing angle of the dis-
tant detector as measured from the surface normal.
For the K-ionization experiment using the thin
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targets, the fractional target transmission was
greater than 99%.

By using targets of various thicknesses, an
attempt was made to determine the effect upon the
cross sections of bremsstrahlung produced within
a thin target. A comparison of the cross sections,
corrected for self-absorption, of ,;Cu and 4In at
300 MeV for various target thicknesses showed
that the differences in the cross sections produced
by different targets lie within the estimated 5%
error in each thickness. Therefore, the ionization
caused by bremsstrahlung produced in the target
is probably small for these thin targets.

The attenuation of the x rays in air and berylli-
um along the path was calculated using the total
absorption coefficients of Storm and Israel.® The
attenuation in the three Mylar windows was deter-
mined by measuring the transmission intensity of
various radioactive source lines.

As a result of the short duration (1.4 usec at
60 or 120 cps) of the electron pulses on the Mark-
IIT accelerator, the cross sections had to be cor-
rected for the pile-up of two or more photons.
Under normal counting rates of 5 counts/sec, the
pile-up correction was about 1.05. If the non-
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FIG. 7. Absolute photoelectric peak efficiency curve
of the Ge(Li) detector. This curve has not been cor-
rected for the escape of the Ge K x-rays.
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uniformity in time of the beam were taken into
account, this factor would be 0. 25-0. 8% larger.

B. Determination of Experimental Cross Sections

The differential cross section for a peak is
given by

o) N,
AR/ gt Ngp,x20XxC '

where N, is the total number of photons emitted in
the solid angle AR; #n, is the number of atoms per
cm? N, is the total number of incident electrons;
AQ is the solid angle subtended by the detector;
and C is the conversion factor, or the number of
x rays or Y rays created per excitation event.

The number of photons N, is equal to the number
of counts measured in the x- or Y-ray peak after
background subtraction N, corrected for self-
absorption, additional absorption prior to detection,
detector efficiency, and counting-rate pile-up.

For the K-ionization experiment, the conversion
factor C was the K-shell fluorescent yield f,. In
the y-ray experiment, the conversion factor was

C = ( 1 +A‘e/A7)-1’
where A, is the probability per unit time that the
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nuclear multipole field will transfer its energy to
an atomic electron, and A, is the probability per
unit time for photon emission by a radiative nuclear
multipole transition.

C. Radiator Studies and Bremsstrahlung Corrections

By using aluminum radiators to create additional
bremsstrahlung of known origin, a study was
undertaken of the effect of the radiation accompa-
nying the electron beam on the x-ray experiment.
Radiators of varying thicknesses were placed up-
stream from the target, and the K-ionization cross
section was measured as a function of radiator
thickness. From the experimental curves, an esti-
mate was obtained of the bremsstrahlung contribu-
tions of the upstream secondary emission monitor
foils and the vacuum-protection foil totaling to-
gether 0.001 radiation length of aluminum.

Figures 8 and 9 show the K-ionization cross
sections of 4In and ,,Cu, measured at 90° from the
direction of the incident electron beam, as a func-
tion of aluminum radiator thickness for electron
energies of 300 and 500 MeV. Since the isotropy
of cross section for x-ray production will be dem-
onstrated later, it will suffice to review the results
at 90°. The curves for 4In were not unexpected.
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The aluminum radiators created bremsstrahlung
in proportion to their thicknesses, and this radia-
tion produced ionization within the targets. The
curves appear to deviate from the expected linear
relationship after the initial two hundredths of a
radiation length. This was probably due to some
absorption of low-energy bremsstrahlung within
the thicker aluminum radiators.

The ,,Cu cross-section curves in Figs. 9(a) and
9(b) generated considerable interest. They do not
show the above-mentioned production, but instead
demonstrate some apparent absorption. This
indicated that the bremsstrahlung accompanying
the beam was not entirely created by the aluminum
in the upstream foils. Examination of these foils
showed that they were not, in fact, made of pure
aluminum but contained ,5Cu, 3yZn, and perhaps
2sNi. The radiators used were made of 99.99%
pure aluminum.

' The pure-aluminum radiators were acting as
absorbers of the bremsstrahlung just above the
2sCu K-ionization energy (8. 98 keV) produced by
these higher-Z elements, and the K x rays of the
30Zn impurity. The lower-intensity bremsstrahlung
produced above the absorption edge of 4In (27.93
keV) by these impurities was not appreciably ab-
sorbed in the radiators. An experiment was per-
formed at 300 MeV to test this hypothesis. The
72-in. spectrometer mount was rotated to 0° in
order that the Si(Li) semiconductor detector looked
directly along the beam pipe with the target re-
moved. It was not possible to run the normal-
intensity electron beam directly into the detector
and cryostat because the electronic equipment
would have been completely stalled by the enormous
counting rate from incident electrons, photons,

and scattered particles. In addition, serious damage
and possible destruction of the detector would have
resulted. Therefore, the experimentwasperformed
with an rf electron beam generated by pulsing the
accelerator without the electron gun grid or cathode
voltage turned on. This provided the closest possi-
ble simulation that could be made to normal beam
conditions.

The results of this experiment are shown in the
series of Figs. 10(a)-10(f). These spectra have
not been corrected for Mylar and air absorption.
The experiment appears to confirm the hypothesis.
The addition of radiators definitely decreased the
intensity of the radiation above 8.98 keV and only
slightly increased the intensity of the radiation
above 27.93 keV [Figs. 10(a) and 10(b)]. Figures
10(b) and 10(c) show that as the radiators become
thicker, the radiation above 8.98 keV, as well as
that above 27. 93 keV, began to rise again.

All spectra were collected for a fixed length of
time and appear to be reproducible to within 5%.
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FIG. 10. Studies of photon spectra accompanying the
300-MeV electron rf-produced (electron gun off) beam
were taken with various radiators and foils placed in the
beam. The upstream foil was the vacuum protection
foil.

The ,Cu K-ionization cross sections taken at 300
and 500 MeV after the removal of all foils and
radiations were only 2% below the minima of Figs.
9(a) and 9(b), respectively. Similar ,oIn data re-
sulted in cross sections which were within + 3% of
the extrapolated cross sections shown in Figs. 8(a)
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TABLE I. K-ionization cross sections.
Target Detector Thickness Differential cross sections (b/sr)®
element (mg/cm?) E,=150 MeV 300 MeV 500 MeV 700 MeV 900 MeV
29Cu Si(Li) 0.267 34.2 £0.5 37.1 +0.5 39.1 0.6 41.3 0.6 41.7 £0.6
36.9 +0.45 38.5 £0.6 40.8 +0.5 40.7 +0.6
0.089 38.7 +0.5 41.1 +0.55
41.0 £0.55
0.445 34.8 +0.5
34.7 £0.5
34.7 £0.5
385T Si(Li) 0.127 16.2 +0.3 16.9 +0.2 18.8 +0.3 19.7 +£0.3 20.0 +0.3
18.1 +0.3
18.3 +0.3°
19Mo Si(Li) 0.20 11.16 +0.16 11.94+0.16 13.03+0.17 13.22+0.20 13.78 £0.17
12.67+0.17 13.07+0.17

2Errors given are those due to counting statistics, charge collection, and pile-up correction.

bGe(Li) detector used.

and 8(b). These studies led to the decision to run
the cross-section experiments without any upstream
protection foils.

An explicit determination of the contribution of
the remaining beam bremsstrahlung to the K-ion-
ization cross sections was made for ,gCu and 4In
at 300 and 700MeV. Holes 2cm on a side were
cut from the aluminum backing foil on both sides
of the target-deposited area. The beam-steering
coils deflected the electron beam through a hole
and allowed only the uncharged particles to pro-
duce ionization. The cross sections from this ex-
periment were less than 0. 5% of the normal elec-
tron-beam-produced cross sections for ,3Cu. No
measurable 4In data above the background were
present when the bremsstrahlung contribution to
the 4,In cross sections was studied. Therefore,
the bremsstrahlung contribution appears to be
less than 0. 2% for 4lIn.

D. Error Analysis

A number of statistical and systematic errors
contributed to the total or absolute uncertainty of
any measurement made in these experiments. In
the determination of photon cross sections, nine
uncertainties were considered. The largest of
these contributions were the uncertainties in the
target thickness 5-10% and the detector full-energy
peak efficiency 2. 5-8%. The additional errors
were due to uncertainties in the pile-up correction
(0.8%), the transmission factor (1%, K x rays),the
self-absorption (0. 1%, K x rays), the solid angle
(0. 2%), the charge integration (1%), and the inci-
dent electron energy (0. 5%). The peak area inte-
gration, which was used for detector-efficiency
measurements as well as cross-section measure-
ments, introduced an additional error. A thorough
study of the uncertainties introduced by background
subtraction, by choice of peak limits, by pile up,

and by overlapping peaks has been made.®

The absolute uncertainty of the various x-ray
intensity ratio measurements was independent of
the target thickness, the current integration, the
pile-up correction, and the solid-angle errors.

IV. K-IONIZATION EXPERIMENT

A. K-lonization Cross Sections

The experimental differential K-ionization cross
sections are presented in Tables I and II. Since
all differential x-ray cross sections were found to
be isotropic, the data were taken primarily at an
angle of 90° measured from the beam direction.
The error associated with each datum entry is
due to counting statistics, pile-up correction, and
charge integration only. This provides for a study
of the reproducibility of the data and a comparison
of the data as a function of energy for a given tar-
get. The absolute error, including the target-thick-
ness error, of each element is approximately
+6%; for Ta and Mo the absolute error is about
+11%.

The data for 300 and 700 MeV are presented
graphically as a function of atomic number for
each incident electron energy in Figs. 11 and 12,
respectively. The absolute errors are shown.
Graphs for the data at 150, 500, and 900MeV are
similar. All of these log-log graphs show strik-
ing evidence for a power-law dependence of the
differential cross section upon atomic number.
For each electron energy, the slope, and thus the
power of Z, is approximately — 2. 70. The power
of Z is a constant as a function of incident electron
energy over the range studied (150-900 MeV) to
within + 0. 02. Figures 13 and 14 display the
energy dependence of the cross section for each
element with the relative errors given in Tables
T and II. A second-degree polynomial has been
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TABLE II. K-ionization cross sections.
Target Detector Thickness Differential cross sections (b/sr)?
element (mg/cm?) E,=150 MeV 300 MeV 500 MeV 700 MeV 900 MeV
49In Si(Li) 0.364 7.47+0.10 8.563+0.12 9.24+0.12 9.41+0.13 9.67+0.12
9.17+0.14 9.36 +£0.13
0.364 9.24+£0.13 10.09+0.15
9.29+0.12° 9.57+0.13°  10.29+0.14°  10.47+0.14°
9.30+0,12°
0.053 9.14+0.12
ggTm Ge(Li) 2,18 3.57+0.05 3.73+0.05 3.83+£0.05 3.98 +0.05
4.06 £0.07° 3.81+0.05
15T Ge(Li) 0.30 3.110.04 3.30£0.04
3.66+0.,13°
79Au Ge(Li) 1.207 2.42+0.03 2.52+0.04 2.67+£0.04 2.74+0.04
g3Bi Ge(Li) 0.191 2.37+0.04 2.56+0.04

3Errors given are those due to counting statistics,
charge collection, and pile-up correction.

fitted to the data for each element in Figs. 13 and
14. The energy range studied was 3x10*-1x10°
greater than the K-ionization energy for Cu, yet
the cross section increased by only 11% within
that range.

The differential K-ionization cross-sectiondata
have been compared to the theory of KolbenstvedtZ2
This work is the most recent theoretical calcula-
tion performed and is in good agreement with a
large number of earlier experimental data. For
this theory, Kolbenstvedt calculated separately
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FIG. 11. Differential K-ionization cross section as a

function of atomic number at w=90° and E,=300 MeV.
The Kolbenstvedt theory is compared to the Stanford
data points.

PGe(Li) detector used.
¢Si (Li) detector used.

the contribution to the cross section from “near”
collisions and from “distant” collisions. In his
original work, he chose the impact parameter b
to equal the K-shell atomic radius, as the point

of transition between “near” and “distant” colli-
sions with the atom. For distant collisions, Kol-
benstvedt considered a spectrum of virtual photons
having a field equivalent to the field of the imping-
ing electron, as the electron passed the atomic
nucleus. Kolbenstvedt employed the known scat-
tering law between two free electrons as the in-
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teraction for the close collisions. The total cross
section is the sum of

Opear = (0.275/D[(E +1)¥/E(E +2)]

1.19E(E +2)\ E(E +2)
X[‘“‘( i /‘(E+1)2] m

and

Ogistant = (0. 99/N)[(E +1)*/E(E +2)]

X [1—1 (1- B lnE)]

E 2E +1)?% "(E+1)?% 1/,
where the cross sections are expressed in barns.
The ionization energy I and the incident electron
kinetic energy E are in electron rest-mass units.
To compare this calculation with experiments,
Kolbenstvedt has substituted the experimental
ionization energies I,,,; in place of /= 3(aZ)? in
order to account for the effect of outer electron
shells. Within the energy range of this experiment,
this theoretical calculation provides a constant
power-law dependence of the K-ionization cross
section upon Z. The theoretical exponent is — 2. 31.
This is compared to the experimentally determined
power of — 2.70+0.02. The agreement is surpris-
ingly good since extensive approximations were
made in the theory for ease of computation. Re-
cently, Kolbenstvedt® has reviewed his calculations
in view of these results using ultrarelativisticelec-

5
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FIG. 13, Differential K-ionization cross section as a
function of incident electron energy at w=90° for 54Cu,
3551, 4;9Mo, and 49In. A polynomial fit has been made to
the data.
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trons. He has noted that g = (21,.,)"/? is the small-
est possible momentum transfer in a free electron-
electron collision (Mgller collision) if the energy
transfer is to exceed I,,,;. Thus, he has chosen
this value of g, as the cutoff and considered the
two cases g <gq and g >q,, separately.

For small momentum transfers, Kolbenstvedt
has assumed that the incident and scattered elec-
trons may be described by plane waves. This is
valid for high incident energies and low-energy
transfers which provide the largest contribution
to the ionization process. The bound electron is
described by a nonrelativistic Schrodinger wave
function. With these assumptions and for g <gq,,
the general matrix element reduces to the dipole
approximation. The resulting contribution to the
cross section from momentum transfers ofg <q,
is similar to the cross section calculated for
“distant” collisions using the virtual photon ap-
proximation. In addition, the lower limit of inte-
gration is now I,,,, rather than Iy=$(a Z 4,)?, where
Z 444 is the effective charge. The result is

0.275( I, \}* (E+1)?
s ()
1= 1o Iexpt Iexpt EE+2)
E I

X [1—13 <1——ﬂm—10 ) ]

10
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FIG. 14. Differential K-ionization cross section as a
function of incident electron energy at w=90° for sy,
¢sTm, 73Ta, and ;yAu. A polynomial fit has been made
to the data.
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For the g > ¢q,, the matrix element becomes
approximately the same as in free electron-elec-
tron scattering. The result is given by Eq. (1).
Kolbenstvedt has noted that in this calculation the
dipole approximation (g <q,) and the free elec-
tron-electron scattering approximation (g > gq,)
have been extended into the region for ¢~ ¢,
where the approximations are poor. Thus, the
region of momentum transfers of the order of g,

8 3 STANFORD DATA
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Ka /KB RATIO

» L ! l 1 | !
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FIG. 16. Comparison of the Ko/KB intensity ratios of
the Stanford data with the Wapstra et al. data as a func-
tion of atomic number.
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should be investigated in future calculations.

A comparison of the experimental data withthis
recent calculation is provided in Figs. 11 and 12.
The agreement is extremely good. The theoretical
cross section now has a power-law dependence of
Z%-%, The energy dependence of the experimental
cross section of each element is also in excellent
agreement with the Kolbenstvedt theory.

The contributions to the K x-ray and L x-ray
yields produced by internal conversion are expected
to be insignificant. This is substantiated by the
theoretical estimates of nuclear excitation cross
sections given below and the results of the y-ray
search. We did not differentiate between K ioniza-
tion and K excitation to an outer shell.

B. Angular Distribution Studies of Cross Sections

Early in this experiment, a study was made of
the angular distribution of the K-ionization cross
sections of ,gCu and 49In. The results are shown in
Fig. 15. The cross sections are isotropic to within
the relative errors of +1.4%.

C. Intensity Ratios

The ratio of the Ko intensity to the KB intensity
for each element was found to be independent of
incident energy to within the statistical errors.

A graph showing the results of the measurement

of the Ka/KP ratio as a function of atomic number
is presented in Fig. 16 with the standard ratio curve
of Wapstra et al., ° determined from the work of
Williams® and Beckman. ' Both Williams and Beck-
man observed the x rays produced by electron bom-
bardment. Beckman estimated his errors to lie
between +5and +10%. The Stanford data, which
have error estimates between + 2. 9and 7. 3%, ap-
pear to be consistently lower than the Wapstra
curve for Z less than 72.

Recently, the Ka/Kpintensity ratios for Z = 29-92
have been measured by Slivinsky and Ebert. !

They have used a high-resolution Ge(Li) detector
to observe the x rays produced by exciting samples
using the bremsstrahlung beam from a radiographic
x-ray machine. Their data are plotted together with
the Stanford data in Fig. 17. Better agreement
exists between these data and the Stanford work
than between either set and the Wapstra curve.

Also shown in Fig. 17 is the recent theoretical
Ko /KB intensity ratio curve determined from the
relativistic Hartree-Slater calculations of radia-
tive decay rates by Scofield. !* Previous calculations
include those by Massey and Burhop, !* Ramberg
and Richtmyer, '® Asaad, " and Babushkin. !® The
theoretical curve of Scofield, which is in good
agreement with Wapstra curves between Z = 30 and
68, is 5—-10% higher than the Stanford-Slivinsky
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FIG. 17. Comparison of the Ka/KB intensity ratios of
the Stanford data with the Slivinsky-Ebert data and with
the Scofield theory.

data. Recent calculations by Rosner and Bhalla!®
appear to agree with the Scofield values for low-Z
elements.

For the highest-Z elements, the Ka,/Ko, and
KBi/KPB, intensity ratios were determined. Table
III lists these ratios, with estimated errors of
+5%, and those given by Wapstra et al.!® and by
Scofield. 1

V. L X-RAY STUDIES

The L x-ray cross sections for four high-Z ele-
ments were determined using the Si(Li) detector.
Since the Ka and KB x-ray lines were resolved in
the data for the high-Z elements, it was possible
to estimate the number of L-shell vacancies re-
sulting from K ionizations. Even so, it was not
possible to determine the L-ionization cross sec-
tion because of the Coster-Kronig transitions
Ly—= Ly, Lyy—~Lyyy, and Ly~ L. These transi-
tions result in rearrangements of the initial vacan-
cy distribution of the three subshells. The L-fluo-

TABLE III. K-shell intensity ratios.

Target Ka,/Ka,
element Stanford Wapstra Scofield

13T 1.6 1.85 1.74
198U 1.6 1.82 1.70
g3B1L 1.5 1.80 1.67

KB'/KB
3Ta 4.0 4.18 3.85
79AU 3.6 3.73 3.59
g3Bi 3.4 3.37 3.39

TABLE IV. L x-ray cross sections.

Target Detector Differential cross sections (b/sr)?

element E,=300 MeV 500 MeV 700 MeV 900 MeV
goTm  Si(Li) 20.7+0.3 21.0+0.3 21.3+0.3 22.34+0.3
23Ta Si(Li) 23.9+0.3 24.9+0.4 24.6+0.4 25.1 +0.4
79AU Si(Li) 26.2+0.4 27.4+0.4 27.9+0.4 29.0 +0.4
s3Bi Si(Li) 29.2+0.4 30.9+0.4 31.0+0.4 32.1 +0.5

2Errors given are those due to counting statistics,
charge collection, and pile-up collection.

rescent yields?® are not accurately known and they
are not the same for different subshells. There-
fore, it is not simple to determine the relationship
between the number of L x rays observed and the
number of L ionizations produced.

The average L x-ray cross sections for gTm,
3Ta, g9Au, and gBi are listed in Table IV for in-
cident electron energies of 300, 500, 700, and 900
MeV. The relative errors shown provide a com-
parison of the results as a function of electron en-
ergy. Figure 18 is a graphic representation of this
table. The x-ray cross section of each element
increases slowly with energy; this energy depen-
dence may be linear. It is interesting to note that
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FIG. 18. Differential L x-ray cross section as a func-
tion of incident electron energy at w=90° for gBi, 5Au,
73Ta, and goTm.
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TABLE V. Intensity ratios.
Target Electron
K/L LB/La Ly/La
element energy (MeV) / Al v/
goTm 300 0.164 0.87 0.15
500 0.166 0.84 0.15
700 0.167 0.87 0.16
900 0.167 0.86 0.15
73Ta 300 0.126 0.87 0.17
500 0.129 0.88 0.17
700 see 0.88 0.17
900 see 0.86 0.17
79AU 300 0.088 0.80 0.15
500 0.088 0.82 0.15
700 0.091 0.80 0.14
900 0.090 0.82 0.15
g3Bi 300 0.079 0.82 0.15
500 0.079 0.84 0.15
700 seo 0.83 0.15
900 s 0.84 0.15

the L x-ray cross section at any electron energy
increases with Z while the K x-ray cross section
decreases with Z.

The ratios of the K x-ray intensity to the L x-ray
intensity for the four highest-Z targets used in
these experiments are listed in Table V. It is in-
teresting to note that the L x-ray cross sections
are 6-13 times larger than the K x-ray cross
sections for these high-Z materials. This ratio is
a decreasing function of the atomic number, but
for each element the ratio appears to be indepen-
dent of incident electron energy. Thus, the K x-ray
and L x-ray cross sections have a very similar
dependence on the incident electron energy. The
four peaks visible in the L spectra have been des-
ignated as the L], La, LB, and Ly peaks in order
of increasing energy. The ratios of the latter three
peaks are presented in Table V. The most intense
constituent lines of each peak are tabulated in Table
VI, as identified by Storm and Israel® and by Sco-
field. '* Here again, the ratios appear to be inde-
pendent of incident electron energy. There seems
to be some dependence on atomic number. How-
ever, the combined uncertainties of two L x-ray
cross sections produce absolute errors in excess
of 10%.

In high-energy particle studies, the equipment
necessary to determine the ratio of the energy to

TABLE VI. The intense lines contributing to the four
observed L x-ray peaks.

Ll - 1,t 84

La — ay,ay,1

LB - 31’ BZ: B3’ ﬁ4’ 65/13 'BG’ ﬁ?v ﬁsu» 610’ 815
LY = Y1, Yo, Y3, Yarts Yaras Vs Yos Vs Yoras Yor3
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the rest mass of a particle is usually expensive
and cumbersome. One way to improve this situa-
tion might be to find a new means of studying the
energy-loss process of a particle in matter. In
the x-ray experiments performed at Stanford using
electrons, we have noted that the K x-ray and L
x-ray yields are energy dependent even at these
high energies. The cross sections are also large;
20b/srisa representative value. Measurements
of these cross sections may afford a rough way of
determining the energy of other high-energy par-
ticles. Recently, Yuan et al.?' made preliminary
measurements of the transition radiation in the
x-ray region. They have suggested this technique
as a method for the determination of the relativis-
tic factor v.

VL. y-RAY STUDIES

Using semiconductor detectors, high-resolution
studies of the y-ray spectra produced by high-en-
ergy electron bombardment of nuclei might be per-
formed. It was the purpose of this y-ray experiment
to determine the feasibility of such studies. The
x-ray experiments showed that in the range of
5-100 keV, differential photon cross sections on
the order of 1072 cm?/sr could be measured with
a statistical error of +1%. In this energy range,
it was anticipated that differential cross sections
on the order of 10"% cm?/sr could be observed
using the present configuration.

Griffy and colleagues® estimated the total cross
section for excitation of the E 2 transition in ,,Ta!®!
to be 7X10°% cm? by using the plane-wave Born
approximation. A search for nuclear ¥ lines was
undertaken using ,;Ta'®! and ;,Au'® as targets.
Using 300- and 500-MeV incident electrons,spectra
were taken at 45°, 90°, and 120°. The distinct
photon energy ranges studied were 0-200 keV,
0-500 keV, and 50 keV to 2 MeV. No lines associ-
ated with the energy levels of ;3Ta!® or ,,Au'®’
were detected. However, a 511-keV ¥ line was
observed. This line is associated with positron
annihilation. At w=90°, the differential cross
section of this ¥ line for 300-MeV electrons inci-
dent upon a thick ,,Au'®” target was 1.1X10°2 cm?/
sr. This cross section appeared to be independent
of the absorber thickness and thus confirmed the
belief that the radiation was produced within the
target itself. A study of the spectra confirmed
that peaks having cross sections on the order of
10"%" cm?/sr could be detected.

However, since the differential cross section of
a nuclear line in ,3Ta® or ,,Au®” was thought to
be just below this level, the experiment was moved
to the concrete vault opposite the 72-in. magnet.
As a result of the larger background and the lar-
ger solid angle, the minimum differential cross
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section measurable was 2x10°% cm?/sr. Again no

nuclear photon lines of ,,sTa,181 or 79Au197 were
present.

Since the conclusion of this search, Whitehill
and Gri_ffy4 have calculated the differential cross
sections for electron excitation of 5, Ta'® to the
spin-§* state with excitation energy of 136 keV
followed by v decay to the ground state. These cal-
culations estimate the differential cross sections
at 120°, to be

%(EZ): 8.9x10°% cm?/sr

and
do 29 2
dQ(M1)=8'5x10 cm®/sr

for an incident electron energy of 200 MeV. Since
their calculations assume that y decay is the only

deexcitation process, their results must be multi-
plied by the ratio

r,/o,+T,) ,

where T', is the partial width for v decay and

T, is the partial width for internal conversion.
This further reduces the estimated cross section
by nearly 3. It appears that these theoretical es-
timates are less than é— of the minimum measur-
able differential cross section. Our null result is
thus not surprising.

In order to observe nuclear line spectra at the
Mark-IIT accelerator, it will be necessary to use
a larger detector. This detector should provide a
greater solid angle and should have a larger rela-
tive efficiency at high energies.

VII. CONCLUSIONS

It has been demonstrated that semiconductor
detectors are useful high-resolution detectors of
photons produced by high-energy electron scatter-
ing. It was also suggested that with additional
shielding and larger, more efficient Ge(Li) detec-
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tors, nuclear y-ray spectra should also be ob-
served. Adata-analysis system employing the present
on-line computer has been created. A method has
been developed to correct the data for counting pile-
up, and experimental studies of the effect of pile-
up have been performed. A study of the low-energy
bremsstrahlung spectra accompanying the electron
beam has been made.

The new experimental data obtained include the
measurement of the K-ionization cross sectionfor
a wide range of atomic numbers at high-incident
electron energies. These energies were 1000-

10 000 timesthe incident energies previously used.
The cross section is an increasing function of in-
cident electron energy, and has a dependence on
Z proportional to Z %™, The agreement between
the theory of Kolbenstvedt and this experiment is
very good. The L x-ray cross sections were de-
termined for the target elements above Z = 60.
Although the K x-ray and L x-ray cross sections
have a similar energy dependence, the L x-ray
cross sections, in contrast to the K x-ray cross
sections, increase with atomic number. The in-
tensity ratios Ka,/Ka,, KBi/KB,, Ka/KB, K/L,
LB/La, and Ly/La were found to be independent
of incident electron energy, but were a function of
the atomic number. These K-shell results were in
agreement with recent low-energy data.

The measurement of the large x-ray cross sec-
tions or their ratios may afford a rough method
for determining the ratio of the energy to the rest
mass of other high-energy particles.
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The influence of molecular structure on the bremsstrahlung process at low energies has
been studied for diatomic molecules. Interference effects give rise to an increase in the total
radiation cross section which is large for low electron energies. Although the various cross
sections are calculated in Born approximation, the results are expected to be qualitatively

correct,

I. INTRODUCTION

Molecular interference effects in low-energy
electron scattering are well known and have been
utilized extensively for molecular structure analy-
sis.! It might be of interest to investigate whether
the molecular structure may also have significant
effects on radiation processes. In this paper we
discuss the influence of the molecular structure
of diatomic gases or liquids on the bremsstrahlung
process at low electron energies. For simplicity,
we consider diatomic molecules consisting of
identical atoms. In addition, we treat the process
in first Born approximation and account for the
effects of the atomic electrons by assuming inde-
pendent atoms with simple exponential screening,
thus neglecting molecular binding. Although the
cross sections calculated in this manner are only
approximately correct, it is expected that, except
for extremely small momentum transfers, the in-
terference effects in the exact cross sections are

closely similar. 2

The importance of molecular interference effects
in a scattering or radiation process is determined
by the magnitude of the momentum § transferred
to the molecule. In order that interference effects
be large, the wavelength corresponding to q, viz.,
X, =h/q, shouldbeof the order of or larger than the
interatomic spacing R. The momentum transfer
is given by

a=-51‘-§z“§ (1)

and thus varies in magnitude between the values
Gmin and Gy, Where

Gmax=P1+P2+E1—Ey, Quin=01— D2~ (E; = Ep)
(2)

and Py, By, K, Ey, and E, are defined below in (8).
For high energies, g¢,;,=%/(2E,E,), and the small-
ness of this quantity gives rise to the coherence
effect in high-energy bremsstrahlung.® For low
energies we have p;< mc, and (2) simplifies to



