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INCOHERENT SCATTERING OF GAMMA RAYS
BY K-SHELL ELECTRONS

Abstract

Diffcrentiasl cross sections for
incoherent scattering by Keshell
elecctrons were measured, using coin-
cidence techniques, for Incident
photons having cnergics of 662 keV,
320 keV, and 145 keV.
distributions of the scattered pho-

The spectral

tons cmerging at acattering angles
from 20° to about 140® arc reported.
Target umaterials were fron, tin,
tholmium, and gold at 320 keV; tin and
gold at 662 keV; and iron and tin at
145 keV.
corxists of u scattered peak that is

A typical cnergy spectrum

wuch narrowcr than would be expected
from the bound state electron motion.
The peak also, typicslly, reaches a
bruad maxioum width for scattering

anglus between 45 and 60°.  Rather

than monotonically increasing with
atomic number the pesk width reszches
a broad saxinum, generally, between
Z = 50 and Z = 0, and then decreases
No
Compton defect appears in any of the
peaks to within 2 20 keV. A dis-
cussion of the expected magnitude of
The

peak 1s superimposed on a continuum

with increasing atomic nuamber.

the Compton defect is included.

that diverges at the low end of the
scattered photon spectrus for the
following cagses: gold, holmium, and
tin targers for 320-keV incident pho-
tons; gold and possibly tin targets
for 662-keV photons incident. This
infrared divergence is expected on
theorctical grounds and has been pre-

dicted. 1lt is very neurly isotropic.

L. Introduction

In this work we present experi-
mental results on inclastic (inco-
herent) scattering from the K-shell
of four targets ranging in 2 from 26
(iron) to 79 (gold).
photon enerzies were used — 145 keV,
320 keV, and 662 keV — although not
all incident photon energies were

Three incident

-]

used on all targers, duec to experi-
sental limications which are de-
scribed below. A summary of the
targets, sources, and target thick-
nesees is given in Table 1.

The measurements made in this work
were doubly differential, i.e., they

are based on energy spectra taken



Table 1, Summary of targets, sources, and target thicknesses,
Source Ey' keV 4 Angle of scatter Thicknesses, mg/cm2
137cq 662 792 20 to 138 26.6, 135, 192
137¢q 662 792 20 to 162.3 17,0, 108, 262
137¢¢ 662 50 20 to 162 19.6, 62.2
e 320 792 20 to 137.4 26.6, 135, 192
e 320 67 20 to 136 21.9
e 320 50 20 to 136 19.56, 62.2
Slee 320 26 20 to 137 15.8
Wle, ws 2 20 to 137 15.8
350114 suspension of 75 wtX copper — 25 wtZ gold.

between appropriate energy limits
{see below) at seven scattering

angles ranging from 20° to about
140°.

quasi-Compton peak could be observed,

Except at forward angles a

that is a broadened peak at the free
Compton energy. The centroid of the
quasi-Compton peak showed no discern-
ible shift from the free-electron
value, which for our resclucion cor-
regsponded to <20-keV shift. The
excluded angles were such that the
binding energy loss put the Compton
peak beyond the spectrum cutoff at
forward angles. Angles greater than
% 140° were excluded because of ex—
perimental limitations. 1In addition
to the quasi-Compton peak, a con-
tinuous spectrum rising at low en-
ergies with a roughly 1/k dependence

was also abserved, most clearly in

-2-

the case of the 320-keV data. This
continuous part of the spectrum can
be identified with the expected IRD
(infrared divergence) and constitutes
an important contribution to inco-
herent scattering in any case where
the photon momentum transfer and the
mcmentum of the K-shell electrons are
comparable. It is basically 2 nomn-
relativistic effect and has been
predicted recently in the nonrela-
tivistic treatment of Gavrila1 and
also in tlie relativistic calculation
It does not appear in
In

fact, the IRD in incoherent scatter=-

of Hittuer.z
the calculation of Hhittingham.3

ing does not appear to have been
studied in any published theoretical
work prior to Ref. 1 and experimen-
tally it appears the present work is
the first instance of its explicit



observation. As will be seen, it can
constitute a rather important part
of the cross section depending or the
scattering angle and the lower-energy
limit of the detector, 1In this work,
the presentation of results will
emphasize the quasi-Compton peak,
when 1t was kinematically available.
Thus, the main, though not the only
role of the IRD in this paper is with
reference to the attendant error due
to the inclusion of 1its tail, which
underlies the quasi-Compton peak.
This is discussed in Sec. III.
Although many theoretical calcu-
lations have been made of the inco~
herent Compton process, with the
exception of the work of Refs. 1 and
2 no attempt to construct a complete
inelastic (off-the-shell) theory has
been nmade, to the knowledge of the
present authers. In our case, and
indeed for all intermediate photon
energies (200-3000 keV), Compton
scattering is the dominant effe.t.
In this energy range, a relativistic
theory is essentigi, in which case
the results of Ref. 1 are inappli-
cable. The truncation in angular
momentum waves of Ref. 2, which is a
relativistic theory, is also an un-
acceptably severe restriciion in our
case, as .111 be shoun (see
I11).
that a complete calculation would

Sec. In any case, it is true

suffer the usual of f-the-shell de-
fecta (for one example, the loss of

-3

gauge~invariance); however, it would
have the important advantage of being
as realistic as quantun theory now
permits. The IRD would be a required
(and realistic) result of such a
theory, as already noted.l'2 Fur-
thermore, the effects of a true off-
the-shell calculatior on the quasi-
Compton peak, the main concera of the
present experimental work, could be
quite significant.

Indeed, the lowering of the for-
ward scattering cross szction (as
compared to the free-scattering
Kilein-Nishina result) has been pre-
dicted in severai incoherent-factor
and form-factor theories,*”® which
1s of course one result of the in-
elastic character of the process.
However, other effects migh’ be ex~
pected as well, and the experimental
observations of our work lead us to
the conclusion that at least three
other effects do exist that cannot
be easily explained ~ithout the ex-
plicit calculation of off-the-shell
matrix elements. Une of these is the
relative insensitivity of the
braodening of the guasi-Compton peak
This effect
seems to be coupled with anather

to scattering angle.

effect, namely, a dependence of the
broadening on Z that shows a rather
wide maximum around Z = 50. Both of
these effects were observed at am
incident energy of 320 keV, At 662

keV, on the other hand, the narrowing



of the peak at back-angles (3100°),
as compared with angles <60° is
very large, in the range 4x to 6x.
All these effects are discussed in
more detail in the following sec-
tious.

There have been a number of ex-
periments reporting the differential
cross sections for Compton scattering
by the K shell in targets of atomic
number varyirg between 50 and 82.7-IS
The techniques used in most of these

7-12,15

experiments are essentially

identical. When a gamma ray is scat-
tered incoherently by an electren in
the K shell, the electron is usually
erjected from the atom, leaving it in
The
atom decays by emission of a charac-
teristic K x ray with a probability

an excited (and ionized) state.

defined by the K~shel: fluorescent
vield.
K shkell can be distinguished from
others by demanding that they be

with
This excludes from

Photons scatlered by the

counted in coincid

panying K x rays.
measurement not only photcas scat-
tered by other shells but also co-
herently scattered photons, since
these latter do not leave an exicted
atom.

The major varlations among pre-
ceding experiments are in <he quality
of the electronics used (of partic-
ular significanca is the resolution
time of the coincildence system), and

sources used, the targete exposed,

4=

and the geometrical arrangement of
source and detector. Nearly all
these used the 662-keV line of
cesiizm-137 as a source of incident
gamma rays.

The present work was motivated,
then, in part, by a desiie to inv-s-
tijate the effects of electron hind-
ing on the differential cross szc-
tions in energy regimes which will
likely be treatable with theories in
the near future. Chintalapudi and
Parthasnrdhilz also reported measure-
ments for 320-keV photons incident
on lea¢, tantalum, and samarium at
Their

results were in radical disagreement

angles between 30° and 130°,
with data presented by Pingoc14 for
279-keV photons incident on tantalum
and samarium at angles between 70°
and 160°,
to resolve this conflict, if pos-
sible.
measured energy-dependent, differ-

1t was our further hope

Since, as already noted, tue

ential cross sections diverge at low
scattered photon energies (the IRD),
the energy-integrated cross section
will depend strongly on the low-
energy cutoff of the apparatus. It
is therefore reasonable to attribute
the discrepancy between Refs. 12 and
14 to differing low energy thresholds
of the respective detecticn systems.
In the present work, the experi-
mental apparatus was gen-rally cep-
able of resolving the quasi~Compton

peak due to its sharpaness. Another



consequence of tills was that we were
able generally to characterize tke be-
havior of the width and position of
the Compton peak as a function of
scattering angle. aromic number, and
source energy.

The resuiis of previous experi-
ments of this type have been reportad
in the form of ratios of measured
cross sections for bound electrons
to measured cross sections for "free"
clectrons. The latter cross sections
were typically measured for elthe: a
beryllium or aluminum target using

the gamma-ray leg of the electronic

system in a singles mode. The pur-
pose for representing results in this
way would be tc cancel systematic
errors in the zbsolute value of
measured cross sections. In our
case, the singles and coincidence
experiments were so difrerent (i.e.,
one detector in singles mode vs two
detectors in a coincidence mode} that
this type of data presentation served
no useful purpose. Accordingly,
although singles experiments were
performed using aluminum targets as

a check, results are reported here

in the form of absolute cross sections.

II. Experimental Procedure

A. TARGETS AND SOURCES

Th~ matrix of targets and sources
i: listed in Table 1. Four elcmen-
tary targets were used: 1iron (2
= 26), tin (Z = 50), holmium (Z = 6€7),
and gold (Z = 79).
used at 320 and 662 keV actually
consisted of a copper-gold alloy (10
at % gold). At 662 keV, only gold
and tin were studied; at 145 keV,

The gold targets

These limications are
2D.

only tin.

discussed in Sec.

B. METHOD

The experimental method used here

was qualitatively the same as that

5

previously used to measure inelas-
tically scattered photons in coin-
cidence with characterisetic x rays.
The target foll was viewed by two
detectors; vne was seasirrive to
characteristic K x rays emitted by
the target and the othe. to scattered
gamma rays (see Fig. 1). The signals
from these detectors were processed
electronically by a slow-fast coin-
cidence circuit (Fig. 2) that counted
those events "simultaneously™ regie~
A multi-
channel analyzer (MCA) stored the

The cali-~
bration ol the analyzer in terms of

tered in both detectors.

record of these events.

the energy of the scattered photon

is described later. The ¢ ff{vrential



scattering cross sectlions were then
determined from the raw spectra by
using the effective source strength,
target fluorescence yleld, detector
efficiencies, and the solid angles
subtended by both detectors. The
data were corrected for several
sources of error (see below).

The apparatus is portrayed in
Fig. 1.
and assoclated shielding rested on a

The incident photen source
stationary platform. Targets were
mounted several centimeters in froat
of cthe source in such a way that the
pelar And azimuthal tilt angles could
be adjusted. The gamma-ray detector
rested on & surface that could be

swiveled about the central axis of

Axis of rotation

the target. The x-ray detector was
stationed directly above and looking
dowu cn the target

The electronic counting apparatus
consisted of the ustral fast-~low
colucidence system. A block diagcam
is shown in Fig. 2. lt was nominally
.apable of a coincidence window of
10 ns, bat was operated at values of
between 15 and 20 ns for the purpose
of this work. Counts were stored in
a 1024-channel analyzer. As usual,
the output from the preamp of each
detector was split and processed
through two separate systems — one a
slow system and the other a fast sys-
tem. In each leg the signal was

shaped and amplified by a llnear

X-ray detector

238U shield
/ Photon source
-~ Lead shield

E 77
7 /"/ ’
o :
R TR X
7 S
Y, 7
&
Z \
L N—
7 - 1.6 cm source apen sres
N -ray
detectar Target foil

I 15-20
o

Fig. 1.

Experimental apparatus.

See Sec. Il for a discussion.
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| T 1 — |
Linear Linear Linecr Linear l
amplifier amplifice amplifier ampliSier ,
Preamplifies Preamglificr
Gamma-ray X-rmy
detector detecior

Fig. 2. FElectronic slow-fast roincidence system.

amplifier and then subjected to dis-

crimination — either slow or fast as

approyriate. The lower limits of the

gamma discriminater are shown in

Table 2.

The output from the slow

-7-

See Sec. Il for a discuscion.

leg for each detector was fed to a

slow coincidence unit (21 0.5 us).

Similarly, the output from the fast

leg for each detector was fed into a

fast coincidence unit (2T £ 20 ns).



The output from the fast coincidence
unit was divided and one si.e delayed
by approximately 400 ns with respect
to the other. Each of these channels
was fed to a slow~fast coincidence
unit, The outpur from the slow
coincidence unit was also fed into
both slow-fast units, which allowed
for the simultaneous determination
cf the real and accidental count
rates. Slow-fast coincidence unit A
was triggered by both real and ac-~
cidental coincidences; coincidences
reglstered in unit B were all ac-
cidental. The output from each slow-
fast unit was in the form of a logic
pulse of duvation V0,5 s that was
used as both a gating pulse to sense
gamma-ray detector signals emroute

to the MCA and as a routing pulse to
segregate unit A counts from unit B

counts., A determinatlon of the op-

Table 2.
source energy.

Gamma-ray lower discriminator setting in each experiment.
Eg(Z) = K-shell binding energy.

timal delay between x~ and gamma-ray
legs was made before and after each
change of target or source. The
coincidence window, which was deter-
mined by the fast system, was set so
that the electronic loss of counts
was negligible.

C. DETECTOR EFFICIENCILS

Sodium iodide scintillation de-
tectors were selected for both legs
of the coincidence system because of
their high efficiency and relatively
simple operating characteristics.

The gamma-ray detector's crystal was
The
photonultiplier was operated at bias
voltages between 1000 and 2500 V.

7.62 cm long by V.62 cm in diam.

The x-ray detector's crystal was
0.32 em thick by 5.08 cm in diam and

was operated at similar bias voltages.

Eg =
The upper

discriminator was always seit well above the energy limit, ES—EB(Z);

see column 4.

Source energy

Lower discriminator

Upper energy limit

(Es), keV 4 setting, keV [ES-EB(Z)], keV
662 79 160 582
662 50 60 633
320 79 30 240
320 67 80 265
320 50 50 29
320 26 45 313
145 26 20 138

-8~



Both detectors were collimated down
to a diameter of 3.8 cm for the pur—
pose of minimizing escape effects.
The overall efficiency of the
gamma-ray detector was determined by
use of calibrated sources and found
to be 100% over the emergy regimes
of interest in the sense that all
incident photons were registered by
The photopeak effi-
ciency is discussed in Sec. 1I.E.

the detector.

D. BACKGROUND SUPPRESSION

To minimize the rate of accidental
counts, several precautions were
taken. Both detectors were sur-
rounded by 1l-in. thicknesses of lead
except, of course, for the required
apertures. The radioactive sources
were imbedded in a 10~cm cube of
depleted uranium-238. This cube was,
in turn, surrounded by a 5-cm thick-
ness of lead. The aperture for the
escape of source radiation exteuded
0.32 co horizontally and 1 cm ver-
tically. Additional movable lead
shielding was used to prevent the
gamma-ray detector from directly
viewing the source slit in various
arrangeuents, depending on angle of
scatter. The x-ray detector was
always located so that it was not
exposed to scattered radiation from
the source slit. All lead surfaces
in the field of view of the gamma-ray

detector were covered by a graded-Z

-9~

absorber designed to suppress char-
acteristic lead x rays.

Further precautions were necessary
co account for the spurious cr so-
called "false” coincidence count rate.
The possible causes of these coin-
cidences, which are quite cral, are
fairly numerous. An important source
of "false counts” derives from the
production of free electrons as well
as the scattered gamma ray and
K x ray. The free electron may emit
bremsstrahlung photons and/or ifonize
other atems, resulting in the emis-
sion of additional K x rays. Both
of these are second~order effects
which, however, cause a spurious peak
to appear at the K x-ray energy in
some of the spectra (see Figs. 3a and
b). Additiomal photons may alsc be
produced by the double Compton effeet,
although this 1s quite negligible
because of the small cross section
involved.
registered by either detector and

These byproducts may be

real coincidences can occur from all
A

particularly troublesome case is the

possible permutations among them.

simultaneous detection of a X x ray
by the x-ray detector and a brems-
strahlung photon by the gamma-ray
detector. Spurious c.unts are also
induced by the presence of products
aad byproducts of other types of
events: e.g., Compton scattering by
other shells, coherent scattering,

photo-electric absorption.



All the me:hanisms discussed above
are caused by events that occur in-
side the target foil. The products
and byproducts of 2 scattering event
may also interact with the surround-
ings of the target apd detectors and,
after multiple interactfons, be
counted by one of the derectors.
Also, 2 spurious count can be gen-
erated by 1 photon that fires either
detector and scatters into the other.
This last effect was easily elim-
inated, however, by the simple arti-
fice of ensuring that neither de-

tector was in the direct field of
view of the other.

Tn general, the dependence on tar=-
get thickness of the components of
the spurious count rate produced by
simultaneous detection of a direct
product and byproducts of a scatter-
ing event will not be the same as
that of the true count rate. The
contribution to the measured count
rate can, therefore, be determined
by taking measurements on targets of
varying thickness and extrapolating
the results to zera thickness, and

1.20 . | r . T .
8 {a) a {c)
0.80 2 >
. - N — - —
v @
R Sa on
5 0.40 23 o8
i ;
>~ £ A
2 Y 1
5 A -
!
2 T T T (d)
=
& &
3
€ B 23 -
Q
3 2
[ A
B 22 .
‘i
0 15 300 0 150 300

Channel

Fig. 3a-d. Typical spectra for 662-, 400-, 225-, and 130~keV incident photons,
respectively. Note gains are not the same or 3a, b, ¢, d. The

low~epnergy peaks in Figs. 3a

and b are spurilous (see Sec. IID).

-10~



this was done., Exceptions to this
would be contributions due to mul-
tiple interactions of photons with
the target surroundings and coin-
cidences between Compton electrons
and x rays or scattered photons. In
both cases, the contribution to the
total coincidence rate is independent
of target material., The former case
arises from the interactions of di-
rect products of Compton events with
atoms external to the target foil and
is much more dependent on the geom-
etry of the experiment thaan on the
target material. The magnitude of
such effects were determined by re-
placing the target by an equivalent
thickness (i.e., a dummy target
having the same number of electrons
per unit area) of aluminum or beryl-
lium.

In addition to the magnitude of
the spurious counts, there is also a
contiibution to the statistical un-
certainty of the final results. In
all instances it was found that the
spurious rate never exceeded 25% of
the total count rate. Thus the con-
tribution to the statistical uncer-
tainty was rather small in all cases.
Also, our background was somewhat
lower than the average reported in
the literature (although East and
report a false rate of about
This 1is probably explained

Lewisll
1 to 2%).
by the use of graded-Z absorbers and
the fact that the coincidence windows

used in this work were several orders
of nagnitude narrower than those used
in all preceding experiments except
cthat of East and Lewis.ll It was
further noticed that placing an 8-mm
plastic filter in front of the x-ray
detector reduced the false rate to

no more tham 5% of the total measured
rate. The thickness of this filter
is greater than the ramge of 600-keV
electrons but still thin enough not
to appreciably attenuate the trans-
wission of the photons of interest.
A reasonable conclusion, then, would
be that most of the spurious count
rate was due to coincidences between
scattered (and detected) photons and

Compton electrons.
E. TRUE COINCIDENCE SPECTRA

The raw experimental data were
collected in the form of an array of
counts vs channel number in a multi-
channel analyzer and as shown in

Fig. 3.
purposes) C as a function of channel

The true count rate (for our

n is found by correcting for the
accidental count rate Ca’ the "false"
rate Cf, and the false-accidental

count rate C It is given by

fa*

C) = ¢ () - C (n)

- [ep - ¢ (] (1)

where Ct(n) is the total count rate

-11-



in channel n. The channel number was
related to the scattered photon
energy Ef by means of energy vs chan-
nel calibrations using standard
sources. A calibration curve was
generated each time the gain of the
system was changed.

found to be linear to within the

The system was

limits set by gamma~ray detector
resolution.

The relation of the reduced count
rate C(Ef) to the doubly é¢ifferential
cross section dc/deEf 1s given by

do
_c
IE,
= Z50 € QKC(Ef)/AEf ,» (2)
K
T a0k B By
where

S = source strength in dis-~
integrations per second,

/47 = relative solid angle
subtended by the defining
collimator with respect
to the source,

QK/4ﬂ = relative solid angle
subtended by the sen~
sitive area of the x-ray
detector with respect to
the irradiated area on
the target,

Q_ = absolute solid angle
subtended by the sen-
sitive area of the gamma

detector with respect to
the irradiated area on
the torget,

eY(Ef) = efficiency of the gamma-

ray detector for energy

Ef,

b £ K-shell fluorescence
yileld,

G = geometry dependent factor

correcting for absorption
within the target (to be
discussed later),
AEf = energy width of a channmel.
All these quantities were readily
ascertained. The term [S(lekﬂ)ekl
is actually the "effective" so.rce
strength determined by the source
calibration procedure, which will be
discussed in Sec. 2F. QY must be
small (in this experiment, less than
0.04 sr in all cases) in order to
obtain reasonably fine angular res-
olution. The distance from the garema
detector to the target was always
made large compared with the di-
mensicus of the irradiated area.
Thus this area could be represented
by a point source in calculating QY.
No such constraint influenced the
placement of the x-ray detector, and
80 AﬂﬂK was maximized.

source approximati-a was inaccurate

The point

in this case, but a simple numerical
calculation that summed over small
differential areas on the irradiated
surface for each experiment sufficed
to determine Aﬂﬂk. Finally,

-]12-



e, — the total (as opposed to in-
trinsic peak) efficiency — was de—
termined as a function of energy by
the use of calibrated sources and
found to be essentially 100% over all
energy regimes of interest (30 to
662 keV).
ficiency is discussed next.

The width of the photopeak is in-
fluenced both by the solid angle

The photoelectric ef-

subtended by the gamma detector and
by dispersive processes in the de~-
tector and supportive electronics.
This width, therefore, varied for
each experiment but was generally of
the order of 10%. Spectral distor-
tion due to photoelectric and Compton
escape was minimized by collimation
but was still present. Responses of
the system to delta function inputs
at various energies were recorded and
used to deduce the relative photo-
electric deflection efficiencies.
Radioactive sources and photons scat-
tered by nearly free electrons (i.e.,
in aluminum) were used as sources for
this measurement. Some typical spec-
tral responses are plotted in Fig. 4.
As can be readily seen, the Compton
edge 1s relatively unimportant for pho-
ton cncrgies less than 300 keV, The
dependence of the photoelectric cscape
peak on incident photon energy was
found to adhekc to the theoretical op-
timv7 descridbed in Stegblhn.16 The eof-
fect of photoelectric cscape i3 neglig-
ible at cnergies greater than 100 keV.

It is clear from the above and
Fig. 4 that there is a regime over
which the recorded spectra can be
used without any spectral correction.
This regime happens to coincide with
that range of energies over which
Compton spectra generated by the
320-keV source are distributed. Ac-
curate determinations of the spectra
generated by the scattering of 662-
keV photons would require that the
measured spectra be mathematically
unfolded to compensate for Compton
This procedure is
The

photoescape effect distorts the spec-

escape processes.
both difficult and unreliable.

tra produced by the 145-keV source,
but this can be dealt with by making
the reasonable assumption that the
width of the escape peak was much
less than the separation between the
photo and escape peaks. The cor-
rection involved is negligible a=
incicent energies above 100 keV but
can be sizable below this limit.
Because of these uncertainties only
the iron data was considered reliable
in this case (145 keV).

F. SOURCE CALIBRATION

The effective source strength
depended not only on actual strength
but also on such things as the solid
angle subtended by the aperture in
the source collimator, the photopeak
efficlency of the x~ray detector, and

-13-



the settings of the single channel
analyzers and amplifiers in the x-ray
leg of the electronics. To account
for these factors, the following
method of calibration was used. The
target was exposed to source radia-

tion collimated as in the actual

registered in the x-ray detector was
then recorded for several positions
of the detector. After correction
for absorption in the target and in
air, the effective source strength

S0 is given by

coincidence experiment. The gain and Sk
discriminator value were set and not 50 = )
subsequently altered. The count rate & Up “ Gk
4.5 T T T 3 T T
. (a) ! (c)
g
s 3.0 - 2 —
@
3 i
a
< L5 - = a, -
S b
~ ) a Pr 3
3 & [-Y-YVN-CFIN
:u 0 th q% “+% 0 L ] lAeL_____
s 0 400 800 0 200 400
| 4.5 T T T 3 T T T
] (b) (d)
53 ]
T Al
3.0 — 2 -
; I
$ N .
T 1.5 ~ 1+~ apd a —
3 3 54
2 & a
8 a “a
5 0 yla ] 1 0 L ] 2an
0 400 800 0 200 400

Final photon energy — keV

Fig. 4.

Doubly differential scattering cross sectilons vs final photon energies

for (a) 662-~keV photons incident on gold (Z = 79), scattering angle
of 45°; (b) 662-keV photons incident on gold, scattering angle of
120°; (c) 320~keV photons incident on holmium (Z = 67), scattering
angle of 20°; (d) 320-keV photons incident on holmium, scattering

angle of 136°.
cutoff.

The short vertical line represents the high-energy
The long vertical line represents scattering predicted by
the Compton (free-scattering) formula.

The solid line in Fig. 44 is

the prediction of semiclassical theory (see Sec. III).
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where

Z count rate of the x-ray de-

v
=
]

tector,
solid angle subtended by the

-

x-ray detector,

op 2 cross section for photo~
electric absorption of source
photons,

w, = K-shell fluorescent yield,

Gk = correction for absorption in

target.
G. SELF-ABSORPTION CORRECTIONS

In addition to the effects discus-
sed above, the deduced value for
d0/dEd? may be influenced by the at-
tenuation of K x rays, scattered
gamma rays, and source photons. Nec-
essary self-absorption corrections
were incorporated into Gc and Gk as
used in Eqs. (2) and (3). Expres—
sions for Gc and Gk for target foils
sufficiently thin so that multiple
scattering can be ignored can be
easily derived. The results are as

follows:

c LA
-g_t
l_eBs L

tg/pt
A e'”ktk

- = &)

2
tk/pt

%icti
- (E;;Lii____ [O)

where Gh’ us, Uk are the atteruatior
coefficients for source photons,
scattered photons, and K x rays,
respectively; tb’ ts, and tk are the
effective mass thicknesses of the
target foil allowing for its orien-
tation relative to the source beam,
gamma-ray detector, and x-ray detec-
tor, respectively; and t is the ac-
tual mass thickness of the target
foil. 1In the limit of a very thin
target foil, Gc and Gk reduce to pot,
and the dependence of these geometric
factors on pt then constitute thz
necessary corrections for self-
absorption. It was found that only
negligible corrections Gc and Gk were
required in energy regions where the
quasi-Compton peaks appeared. How-
ever, in the lower emergy portions
of spectra wherein the IRD dominated
the spectrum, significant corrections
were required. In the most extreme
cases (e.g., scattered photons of
energles near 50 keV for 320-keV
photons incident on gold or holmium),
corrections of the order of 157 were
required, Thus Gc and Gk do not
contribute significantly to the experi-
mental uncertainty of the final
results.
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II1. Results and Discussion

The results of our measurements
are presented in Figs. 4-8 and
Tables 3 and 4. In Figs. 4a and b,
we give illustrative spectra for
forward (45°) and backward (120°)
scattering angles in the case of
662-keV photons incident on gold.

9x 1072
6x 1072
= -2
Fax107%
<
e
G
2
3 0
e 26
Y 9x 10 T T
| * iron b
G (b)
]
£ 6x 1072
3x 1072
0
0 30 & 90 120 150 180
Scattering angle -~ deg
Fig. S5a,b. Area under quasi-Compton

peak vs scattering angle
for (a) 145 keV photons
ineident or iron and (b)
320~keV photons incident
on various tergets. The
solid line is a plot of
the Klein-Nishina pre-
diction.

Since all the spectra in Fig. 4 have
been corrected for background (see
above), the continuum in all these
figeres is largely attributable to
the IRD (see below).
contributes to the uncertainty in

It clearly

extracting the area under the quasi-
Compton peak, particularly in

Tn Fig. 4b, on
the other hand, the narrowness of the

Figs. 4a, c, and d.

quasi-Compton peak (at 225 keV) makes
the contribution of the IRD negli-

gible. 1In Fig. 4c [320-keV photons
140 T I I ] T
- x 00 4
S 120—_'0 90° —_
I o
T 100 a 120 ]
= 1 o ~37° E
T 80 -
3 R i
[T
3 o ]
E N 4
£ of B
S L 4
A T T N N

020 30 4 S0 60 70 80
Target atomic number

Corrected FWHM of quasi-
Compton peak vs target
atomic number for 320-keV
incident. The data for

Z = 26 are not shoun be-
cause of their very large
uncertainty (see Table 4).
The curves are intended to
cuide the eye ounly.

Fig. 6.
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) ] ] | | 1 |

Corrected FWHM — keV

20 40 60 80 100 120 140

Scattering angle — deg

Corrected FWHM of quasi-
Comptcn peak vs scatter-
ing angle for (a) 145 keV
incident and 2 = 26, (b)
320 keV incident and

Z = 79, 67, and 50, (c)
662 keV incident and

Z = 50 and 79. The

curve 1s intended to
guide the eye only.

Fig. 7a-c.

incident ¢f holmium (2 = 67), b

= 20°), the quasi-Compton peak is
eliminated by the binding-energy
requirement, and the contribution of
the IRD 1is both dominant and obvious.
In Fig. 4d, the saue as Fig. 4c ex~
cept 8 = 136°, the quasi-Compton pes™
is avaiiable energetically, quite
narrow, and very apparent. However,
unlike Fig. 4b, the contribution of
the IRD in Fig, 4d is very apparent.
This is because the photon momentum
transfer and the K-shell electron

momenta are in this case the same

I I i 1
120/~ x 2=350 {(b)
E ,00:_.--- O_Z.=67 _—
| f—oaz=7 i
= 8o 1
I
b
w60
-l
2
s 40
o
Y 20
oLl Lt 4 1 o1
20 40 60 B0 100 120 140
Scattering angle — deg
% | T | ] |
T 160 0 Z=£0 -
= [ ———x Z=79 (c) 7
£ 120
£ w
o
12
g 40
3 oLt 1|
20 40 &0 80 100 120 140
Scattering angle — deg
range: about 0.5-1.5 in natural

units (h = c =m = 1). Thus the
competitive nature of the cross sec-
tions for the IRD and the quasi-
Compton scattering is to be expected.
In all cases, the measured cross sec-
tion will depend on the lower dis-
criminator setting such that the
lower the setting, the higher the
The 320~-keV data are
more sensitive in this regard than
the 662-keV data, as might be expected.
Because, hitherto; the IRD in in-

crogs section,

elastic Compton scattering has not
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been observed (or ide.tified), we
took special pains to eliminate all
possible spurious sources that might
account for the low-energy coatinuum.
Of particular concern was the fact
that photoelectronc ejected from the
K shell would lead to bremsstrahlung
photons that would be in true coin-
cidence with characteristic K x rays.

This would be a source of "false"

6 T I T
(a)
a4l 2 .
e
8 a
¢
2,0 a _
;u AA\A ; 4
o [
So . PP ot
g
mu 6 T , L
[5°]
° A ®)
14 -
a
[¥¥)
-l
a
I 2_} Fy -
% 4‘&\ £y
I
) I ) T%nannl
0 200 400
Final photon energy — keV
Fig. 8a,b. Prediction of Ref., 2

(Wittwer solid line)
compared to experimental
data for (a) 320~keV
photons incident on gold
at 120° and (b) 320 keV
photons incident on gold
at 90°, Peak at 70 keV
18 due to spurious coin-
cidences.

coincidences which could not be dis-

tinguished from "true" coincidences

by, for sxample, repeating the exper-

iment using an aluminum target.

Also,

such a contribution would qualita—

tively resemble our observed IRD in

both spectral and angular distribu~

tion.

Since photoelectrons would

initially carry an energy equal to

the source energy minus the target's

K-shell binding energy, the cor-

responding bremsstrahlung spectrum

will consist of a divergence with a

cutoff at the maximum electron energy.

This would be identical to that of

our observed IRD.

Since photoelec-

tron3 are emitted isotropically in

the center of mass and since the

center-of-mass and laboracory frames

for high-Z target atoms are practi-

cally identical, one would expect the

resulting bremsstrahlung to be iso-

tropically distributed.

Table 3.

We see some

Width of quasi-Compton peak
for 145-keV incident. Only
the iron data were usable

in this case (see Sec. 1I1).

es. deg Correcizz FWHM,
20 16 + 6
a0 i5+8
45 21 + 6
60 22 £ 6
90 26 £ 5
120 23+ 5
137.4 20 ¢ 5
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Table 4.

Width of quasi-Compton peak for 320-keV incident.

Corrected FWHM, keV

8, (deg) Z=79 z = 6 z = 50 2= 26
20 a a 22 2 22 23 + 22
30 a 49° 2 + 24 25 + 25
45 a 52P 51+ 16 35 15
60 a 45 % 18 6L * 14 38+ 12
90 26° 49 : 14 3717 22 + 14

120 25 + 14 50 + 26 * 14 24 %9
136 46 * 34+

137 17 £+ 8
137.4 20 £ 12

2peak suppressed by kinematics.

bPeak eroded by kinematics.

anisotropy in the IRD in our experi-
mental data, but probablv not to such
a degree that bremsstrahlung could
be summarily eliminated as a pos-
sible cause of the observed IRD with-
out further considerations.

Shimizu et al.1? escimaced the
bremsstrahlung effect to constitute
a negligible contribution to their
observed cross sections. We under-
tock an independent estimate to ver-
ify this.
presented in Heltler.l7 we estimated

Ysing the expressions

the ranges of Compton electrons of

energles concerned in cases exhibit-
ing strong IRD and found these to be
of the order of 105 ng/c-z. vhich {s
to be compared with foil thicknesses
of approximately 20 Iglc:z. On this
basis, we estirated that not more

than 0.02% of the emitted K-shell
electrons produced bremsstrahlung
photons. This is to be contrasted
with an observed IRD of magnitude
greater than ten times the area under
Clearly, the
bremsstrahlung are quite negligible

the quasi-Compton peak.

for our purposes.

We then turmed our attention to
coincidences Letween bremsstrahlung
photons and K x rays emitted by atoms
excited by electzens ireed by photo-
Although this 1is a
higher~-order effect, the presence of

electric events.

great numbers of photoelectrons makes
it a possible cause of bremsstrah’ wng
background.
ilar to that described above, we

estimated that this effect would pro-

Using @ procedure sim-

duce a bremsstrahlung background of

~19-



no more than 0.8% of the quasi~
Compton peak. Although there may be
numerous other processes that result
in coincidences between bremsstrah-
lung and K x rays, they are obviously
of higher order than the processes
considered above, and thus can be
disregarded.

Finally we sought experimental
verification of the foregoing anal-~
ysis. The consideratioms above in-
dicate that, at least for target
foils thin compared to Compton elec-
tron ranges, the relative bremsstrah-
lung background is linearly dependent
on target thickness. Thus we exam—
ined spectra produced by target foils
of widely varying thickness. In
particular, we compared spectra pro-
duced by gold targets of thickness
200, 100, and 20 mgfcm® for source
energies of 662 keV and 320 keV at
several scattering angles., We also
examined spectra produced by target
foils compcsed of an alloy of copper
and gold (25 wt% gold) under the same
To within

+ 10%, there was no difference in the

experimental conditions.

wmagnitude of the observed IRD rela-
:ive to the qurasi-Compton peak. This
confirmed the conclusion based on
calculations (see above).

Although no complete relativistic
calculation of the inelastic Compton
process is available, a rough esti-
mate can be made of the IRD cross
section using the approach of Heitler

in the calculation of the production
of bremsstrahlung.17 In this case
ve combine the photoelectric cross
gection with the appropriate second-
order correction, which then leads
to the IRD cross section. In doing
this, we assume that the IRD is an-
gularly isotropic. The crude approx—

imation that results is

dcrc _a. [}
N dE " 7

PE
7T E

(6)

S

vhere £ is the final photon energy,
Opg 1s the appropriate photoelectric
cross section i{both energy- and
Z-dependent), and @ is the fine-
structure constant. The factor a/m
is part of the second-order cor-
rection to the photoelectric effect,
which the observed IRD in the in-
elastic Compton scattering must ex-
actly equal in magnitude and depend-
ence energy (E). This argument is
precisely the same that applies to
the cancelling second-order correc-
tions in each of the two phenomena,
Coulomb scattering and bremsstrah-
1ung.17
Applying Eq. (6) to the best case
for our purposes, namely the scatter-
ing of 320-keV photons from holmium
(Z = 67) (see Fig. 4c, d), we find
that the ratio of the IRD's observed
doubly differential cross section to
that predicted by Eq. (6) is in the

range 1.0 * 0.5. (The energy range
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and angular range used to obtainm this
result were 45 keV to 90 keV and 20°
to 136°, respectively.) In view of
the very rough nature of Eq. {6), the
agreement even to within a factor of
two must be in part fortuitous. What
cannot be fortuitous, however, is the
order of magnitude of the predicted
IRD. Not only does it agree with our
findings, but it could rot be negli-
gible.

In Fig. 5, we show the dependence
on scattering angle of the cross sec-
tion for the quasi-Compton scattering
at two energies, 145 keV (Fig. 5a)
and 320 keV (Fig. 5b). (At 145 kev,
only the data for the lightest
target — iron — were asable.) Im
both cases, the measured cross sec-
tion fell off markedly at forward
angles compared with the Kiein-
Nishina (free-electron) prediction.
Such a difference is to be expected
from a simple semiclassical model
that uses the Klein-Nishina formula
in conjunction with the expected
momentum distribution of the K-shell
electrons.l8 This model was employed
by Motz and Hissoni,ls and we have
used essentially the same model to
make similar calculations to under-
stand, at least qualitatively, the
results in Fig. 5 (and also the fol-
lowing figures). In consonance with
the finding of Ref. 15, our calcu-
lations show that, at forward angles,
only the electrons having momentum

components that are both large coup
pared to the main segment of the
available momentum distribution and
anti-parallel to the incident photon
direction will contribute to the in-
This double
limitation produces a much reduced
cross Section. However, since the
model, in addition to being elastic,
also neglects the Coulomb scattering
in the intermediate state (after

elastic scattering.

absorption of the incident photon),
it tends to underpredict the forward
scattering. Thus, for one example,
the cross section cannot be expected
to disappear at 0° even using the
semiclassical (elastic) model, al-
though it will be much smaller than
the free-electron prediction, of
course, a5 was found experimentally.
Two other fallures of this model are
its inability to deal correctly with
the Compton shift (see below) and,
of course, the total absence of an
IRD. Both of these faflures can be
expected from thz completely elastic
character of the calculation, and a
good example cf them is the scatter~
ing of 320-keV photons from holmium
(2 = 67), as shown in Fig. 4d.

The cross-sections for tin and
gold at back-angles (6 > 90°) im
Fig. 5b are also consistent with the
gemiclassical prediction in that the
cross section is sigpificantly
smaller than the Kleiln-Nishiana free-

electron prediction, by a factor of
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two or so. Furthermore, this dis-
crepancy becomes even more marked
with increasing atomic number.lB
However, this statement also has only
qualitative validity, as can be seen
from the relative behavior in Fig. 5b
of the experimental points for hol-
miuvm (2 = 67) and tin (Z = 50). The
former is essentially at the Klein-
Nishina limit, while the latter is
down by a factor of 1/2 for 8 > 120°.
This illustrates the need for a more
realistic theoretical formulation of
the problem. It is certainly not
clear how such detailed behavior can
be explained otherwise.

In Figs. 6, 7a, 7b, and 7c are
plotted our experimental results for
the corrected FWHM of the quasi-
Compton peak. The method of correc-
tion is described in Sec. II. The
same results are given numerically
in Tables 3, 4, and 5.
ghown in Figs. 6, 7a, and 7b are

The results

consistent with an angulaiiy inde~
pendent (within a factor of two), but
highly Z-dependent FWHM, lor 320-keV
incident photons. The apparent peak-
ing of the FWHM around Z = 50 to

Z = 67 in Fig. 7, again, cannot be
explained without a more complete
theory. Also, neither the relative
angular behavior nor the absolute
values of the FWHM values in Fig. 7c
(662-keV incident on targets of

Z =50 and 2 = 79) are predicted
correctly by the semiclassical model,

which not only require peaks at least
twice as broad but also an Zncrease
of the FWHM with scattering angle,

as might be expected from purely
classical considerations.

In Figs. 8a and b, we show a com~
parison between our experimental
results and the relativistic calcu-
lation of Wittwerz for an incident
photon energy of 320 keV and a gold
target (2 = 79). This calculation
was truncated to include only dipole
and quadrupole emission and absorp-
tion. It is not surprising, there-
fore, that the Compton peak is prac-
tically indiscernable in the theo-
retical curve of Fig. 8a (98 = 120°).
However, the theory agrees quantita-
tively 4uite well with the experi-
mental cross sections when averaged

Table 5. Width of quasi-Compton peak
for 662-keV incident.

Corrected FWHM, keV

es, deg 2=179 Z = 50
20 a 789

30 a 77 £ 12

45 106° 95 * 10

60 115 £ 8 66 + 13

90 66 = 11 49 + 14

120 40 = 10 50 = 14

157 34 8

142 30 9

aPeak suppressed by kinematics.
Ppeak eroded by kinematics.
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over about 100-keV intervals, ex-
cluding the spurious peak at 70 keV.
This same spurious peak obscures the
IRD in the experimental data, and so
it is not possible to cumpare theory
and experiment in the low-energy re~
glon. As already noted, however, the
theoretical calculation does continue
to rise (towards Ef = 0) with a 1/Ef
dependence in the low-energy region.
We reserve to the last the dis-
cussion of the apparent lack of any
Compton defect in the centroids of
all the quasi-Compton peaks that
could be located with any precision.
In no case did the quasi-Compton
peaks shift noticeably from the ex-
pected free-electron. Since in all
cases our resolution was 20 keV or
better, in none of these cases was
the Compton defect 20 keV or more.
(In a few cases our resolution was
~10 keV.) Using the well~known low—
energy prediction for a shift in
wavelength (X), this shift would be
a wavelength change (AX) on the order
of |ek[/k2,19'20 where [, | and k are
the K-shell binding energy and in-

cident photon wave-number respec-

tively, in natural units. 1In the
¢~~2 of 662~keV photons incident on

a geld target (2 = 79), this would
amount to a lowering of the scattered
energy of about 50 keV, much greater
chan the largest shift in our exper-
iments would have been. In the
appendix we present a short resume

of formulae and a few calculated
results for the rentroid shift based
on the semiclagsical model wherein
the low-energy approximations are
1lifted.
here, the application of the results
of the formulae in the appendix lead
to the prediction that the largest
energy shift will be <5 keV and not
necessarily in the downward direction.

For all the cases reported

In any case, this limit is at least
twice the precision with which we can
ascertain the centroid pusition in
It thus

appears that the semiclassical model

our experimental results.

can be successfully applied to the
average energetics pertaining to the
Compton process, regardless of
whether it is inelastic. However,
beyond this, its usefulness is quite

limited, as described above.
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Appendix: The Compton Defect

The Compton defect, a shift towards a longer wavelength for the photons
from bound electrons, as compared with free-electrons, has been known for
more than forty years. The phenomenon was shown to be a binding-energy effect
in 1934 by Blochl9 in what we call the low-energy limit {(see Eq. A6, below).
A veview of similar treatments as well as measurements (up until 1955) was
glven by Evans.zo In this appendix we summarize some calculations on the
Compton defect based on the semiclassical model described in Sec. III and in
Ref. 15. Our considerations are limited to K-shell inelastic scattering amd
our purpose is to remove the low-energy approximation so as to discover what
happens in more genersal situations, such as one of concern in the present
work, where the photon and electron momenta are not only comparable but rela-
tivistic. Using momentum and energy congervation the following formulae can

be derived:

flk
A T e———————————
¥ S TE, TR - ces®)] (a1
(e + €,)(2 + k +e.) -~ (<p>)2
£ = 9 0 (az)
1” 2<p>
k(L + k + g5 = <p>)
f2 = —-———?P>—-———- (A3)
where we have used natural units (h =m = ¢ = 1) and,
k = initial photon energy (A4a)
k' = final photon energy (A4b)
0 = photon scattering angle (Atc)
~€o = initial K-shell electron binding energy ~ 2= /2 (A4d)

<p> = the average magnitude of the initial total "microscopic"
momentum; i.e., the magnitude of the vector sum of the initial
photon momentum and the electron momentum averaged over all the
directions and magnitudes characterizing the ¥-shell
distribution. (A5)
These results are based principally on the assumption that the replacement of
<p> with p in Eqs. (A1-3), plus subsequent averaging over all p (see Eq. AS),
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will yield the same result. The low-energy limit of Eqs. (Al,2,3}) 1is easily
defined and calculated:

Low-energy limit: [eg|<<ke<t (a6)
1&gl (=]

A S A = (1 - cos6) 1-—-0—-\+% ‘2’
2k k'

where A and A' are the initial and final photon wavelengths, respectively, in
natural units. If we assume the correction factor (1 - |50|/2k2) multiplying
the angular term (l ~ cos0) is unity, the result is essentially the same as

19,20 The neglect of the

the correction (A) |eol derived by Bloch and others.
correction to (1 ~ cos6), however, 1s justiffable only when (1) Ie I is >>1
and/or cos® =~ 1 (forward angles). These conditions, even in the low-energy
linit, are frequently not satisfied.20

The next case we treat is more general in that it is based on the as-
sumption that only the energy of the photon is restricted, so that its mo-
mentum will be large compared to that of the initial electron. In this case

Eqs. (Al1-3) yield,
Low Z limit: Zo<<k

AX = (1 - cos®)(1 + Ieol). (A7)

The change between Eqs. (A6) and (A7) is very notable; the Compton defect has
become (for most purposes) much smaller, relative to the incident wavelength,
This result agrees with the experimental findings in the present work. How-
ever, in order to check this finding more closely the functions f1 and fz
were evaluated in the specific cases studied here (see Table 1). In these
cases no approximations of the kind used in Egs. (A6) or (A7) really apply.
However, all the results were still in keeping with Eq. (A7); that is the
calculated Compton defects were so small (<5 keV) that they were undetectable.
It is important to emphasize that all the above applies only to the centroid
of the quasi-Compton peak. Where this peak is not observable or is signif-
icantly distorted due to energy considerations, interference from the IRD, or
both, the simple classical approach utilized above cannot be applied.
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