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Differential cross sections for incoherent scattering by K-shell electrons have been measured, using
coincidence techniques, for incident photons havmg energies of 662, 320, and 145 keV. Observations were
made of the spectral distributions of scattered photons emerging at scattering angles ranging from 20° to
approximately 140°. Target materials were iron, tin, holmium, and gold at 320 keV; tin and gold at 662
keV; and iron and tin at 145 keV. A typical spectrum generally displays a scattered quasi-Compton peak
which is usually much narrower than would be expected from the bound-state electron motion. Rather than
monotonically increasing with atomic number, the peak width typically reaches a broad maximum between
Z = 50and Z = 67 and then decreases with increasing atomic number. The peak, also typically, reaches a
broad maximum width for scattering angles between 45° and 60°. No Compton defect is observed to
within #20 keV. Underlying the quasi-Compton peak is a continuum which diverges at the low end of the
scattered-photon spectrum for the following cases: gold, holmium, and tin targets for 320-keV incident
photons; gold and possibly tin targets for 662-keV incident photons. This infrared divergence (IRD) is
expected on general grounds and has been predicted. The observed IRD continuum is very nearly isotropic.

I. INTRODUCTION

In this work we present experimental results on
inelastic scattering from the K shell of four tar-
gets ranging in Z from 26 (Fe) to 79 (Au). Three
incident photon energies were used, 145, 320, and
662 keV, although not all incident photon energies -
were used on all targets, due to experimental
limitations which are described below. The mea--
surements were all differential in both energy and
angle, and were derived from energy spectra taken
between appropriate energy limits (see below) at
seven angles of scattering ranging from 20°to
about 140°. Except at forward angles a quasi-
Compton peak could be observed, by which is
meant a broadened peak at the free Compton en-
ergy. 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. In addition to the quasi-
Compton peak a continuous spectrum rising to-
wards low energies with a roughly 1/% dependence
was also observed, most. clearly in the case of the
320-keV data. This continuous part of the spec-
trum can be identified with the expected IRD (in-
frared divergence).''?

The IRD in incoherent scattering does not appear
to have been studied in any published theoretical,
work prior to Ref. 1 and experimentally it appears
the present work is the first instance of its ex-
plicit observation. As will be seen it can constitute
a rather important part of the cross section de-

16

pending on the scattering angle and the lower-en-
ergy limit of the detector. In this work the pres-
entation of results will emphasize the quasi-
Compton peak when it was experimentally observ-
able. Our principal (thoughnotour only) concern
with the IRD in this paper is with reference to the
attendant error due to the inclusion of its tail,
which underlies the quasi-Compton peak. This is
discussed in Sec. III. .

Among the effects noted in the present work was
a lowering of the forward-scattering cross section
as compared to the free-scattering Klein-Nishina
prediction. This effect has been predicted in sev-
eral incoherent-factor and form-factor theo-
ries.>*® In addition, the present work showed a
few other qualitative features hitherto unpredicted
and unobserved such as a relative insensitivity of
the broadening of the quasi-Compton peak to scat-
tering angle (in some instances) and also a some-
what anomalous dependence of this same broaden-
ing on the Z of the target. In addition, both of these
effects showed a relatively strong dependence on
the incident photon energy. These matters are dis-
cussed in more detail in the following sections.

There have been a number of experiments re-
porting the differential cross sections for Compton
scattering by the K shell in targets of atomic num-
ber varying between 50 and 82.°-'* The techniques
used in most of these experiments®-*'''* are es-
sentially identical. When a gamma ray is scat-
tered incoherently by an electron in the K shell,
the electron is usually ejected from the atom leav-
ing it in an excited (and ionized) state. The atom
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decays by emission of a characteristic K x ray
with a probébility defined by the K-shell fluores-
cence yield. Photons scattered by the K shell can
be distinguished from other scattered photons by
demanding a coincidence with accompanying K x
rays. This not only excludes from measurement
photons scattered by other shells, but also co-
herently scattered photons, since these latter do
not leave an excited atom. Nearly all experiments
of this character used the 662-keV line of **'Cs as
a source of incident gamma rays.

The present work was motivated in part by a de-
sire to investigate the effects of electron binding
on the differential cross sections in energy re-
gimes lower than 662 keV because these regimes
are, practically speaking, rather common. Also,
valid comparisons with theory, though not now
possible, may well be possible in the near future.
Chintalapudi and Parthasardhi'* also reported mea-
surements for 320-keV photons incident on Pb, Ta,
and Sm at angles between 30° and 130°. However,
their results were in disagreement with data pre-
sented by Pingot'® for 279-keV photons incident
on Ta and Sm at angles between 70° and 160°. It
was our further hope to resolve this conflict, if
possible, by studying the dependence of the cross
section on energy. The integrated cross section
could depend strongly on the low-energy cutoff,
where the IRD might play an important role. We
feel it is reasonable in fact to attribute the dis-
crepancy between Refs. 11 and 13 to differing low-
energy thresholds of the respective detection sys-
tems. In addition, in the present work the experi-
mental apparatus was generally capable of resolv-
ing the quasi-Compton peak due to its sharpness.
Thus we were able (in general) to characterize
the behavior of the width and position of the Comp-
ton peak as a function of scattering angle, atomic
number, and source energy.

II. EXPERIMENTAL PROCEDURE

A. Targets and sources

The matrix of targets and sources is listed in -
Table I. Four elementary targets were used:
iron (Z =26), tin (Z=50), holmium (Z=67), and
gold (Z="19). The gold targets used at 145 and
320 keV actually consisted of a copper-gold alloy
(10% Au-90% Cu by number). At 662 keV only gold
and tin were studied and only tin at 145 keV. See
Sec. IID for a discussion of these limitations.

B. Method

The experimental method used is shown schema-
tically in - Fig. 1. The target foil was viewed by
two detectors; one was sensitive to characteristic

TABLE 1. ‘Summary of targets, sources, and target
thicknesses.

Ey, Angle of scatter  Thickness
Source '(keV) Z (deg) (mg/cm?)
cs®T 662 79? 20138 26.6, 135, 192
csBt 62 79 20-142.3 17.0, 108, 262
csB®? 662 50 20-142 19.6, 62.2
cr’! 320 792 20-137.4 26.6, 135, 192
cr’ 320 67 20-136 21.9
cr® 320 50 20-136 19.56, 62.2
crt 320 26 20-137 15.8
celt 145 26 20—137 15.8

2S0lid suspension of 75% copper, 25% gold by weight.

K x rays emitted by the target and the other to
scattered gamma rays. The signals from these
detectors were processed electronically by a
slow-fast coincidence circuit.'® The lower dis-
criminator settings for the scattered gamma are
shown in Table II. The coincidence window was
15-20-nsec wide. The records of the accepted
events were stored in a multichannel analyzer
which sorted them as a function of energy (pulse
height). The differential scattering cross section
was determined from the effective source
strength, target fluorescence yield, detector ef-
ficiencies, and solid angles subtended by both de-
tectors. The data were corrected for a number of
effects to be discussed below. .
As shown in Fig. 1 the source and associated
shielding rested on a stationary platform. Targets
were mounted several centimeters in front of the
source slit in such a way that the polar and azi-
muthal tilt angles could be adjusted. The gamma-
ray detector rested on a surface which could be
swiveled about the central axis of the target. The
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FIG. 1. Schematic diagram of experimental apparatus.
The scattering angle is adjusted by rotating the table
supporting the gamma detector about an axis passing
vertically through the center of K x-ray detector. See
Sec. II for further details.
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x-ray detector was stationed directly above and
looking down on the target.

C. Detector efficiencies

Sodium iodide scintillation detectors were se-
lected for both legs of the coincidence system be-
cause of their high efficiency and relatively simple
operating characteristics. The Compton detector
was 7.62 cm long by 7.62 cm in diameter and the
K x-ray detector was 0.32 cm thick by 5.08 cm in
diameter. Both detectors were collimated down to
a diameter of 3.8 cm for the purpose 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 energy range of interest
for the full spectrum. The photopeak efficiency
was not 100% over the same energy range. This
point is discussed in more detail in Sec. I E.

D. Background suppression

In order to minimize the rate of accidental
counts, several precautions were taken. Both de-
tectors were surrounded by 1-in. thicknesses of

~ lead except, of course, for the required apertures.

The radioactive sources were imbedded in a 10-cm
cube of depleted 2**U. This cube was, in turn, -
surrounded by a 5-cm thickness of lead. Addi-
tional movable lead shielding was used to prevent
the gamma-ray detector from directly viewing the
source slit in various arrangements depending on
angle of scatter. The K x-ray detector was always
-located so that it was not exposed to scattered ra-
diation from the source slit. All lead surfaces in
the field of view of the gamma-ray detector were
covered by a graded-Z absorber designed to sup-
press characteristic lead x rays. This absorber
consisted of the following (starting from the wall):
30 mil or 0.76 mm of cadmium, 10 mil or 0.25 mm

TABLE II. Limits on experimental energy windows. Egis
the source energy and Ez(Z) the K-shell binding energy. The

upper discriminator was always set well above the energy
limit, Eg— Eg(Z); see column 4. .

Eg Experimental lower E;-Eg(2)
kev) 2z threshold (keV) (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

of copper, and 10 mil or 0.25 mm of aluminum.

Further precautions were necessary because of
the spurious or so-called “false” coincidence count
rate. The possible causes of these coincidences
are fairly numerous. However, the most impor-
tant single cause is the photo-electrons which may
emit bremsstrahlung photons and/or ionize other
atoms, resulting, for example, in the emission of
additional K x rays. Both of these are second-or-
der effects which cause a spurious peak to appear
at the K x-ray energy in some of the spectra.'®
Another result of these processes is the simulta-
neous detection of a K x ray by the K detector and
a bremsstrahlung photon by the Compton detector.
Spurious counts are also induced by the presence
of products and by-products of other types of
events, e.g., Compton scattering by other shells,
coherent scattering, photo+electric absorption.

All the effects discussed above are caused by
events which occur inside the target foil. The pro-
ducts and by-product of a scattering event may also
interact with the surroundings of the target and de-
tectors and, after multiple interactions, be counted
by one of the detectors. Also a spurious count can
be generated by a photon which fires either detec-
tor and scatters into the other. This cross talk
was easily eliminated, however, by the simple
artifice of insuring that neither detector was in the
direct field of view of the other.

In general, the dependence on target thickness of
that part of the spurious count rate produced by
simultaneous detection of a direct product and a
by-product of a scattering event will not be the
same as that of the true count rate. The contribu-
tion to the measured count rate was therefore
determined by taking measurements on targets of
varying thickness in order to determine the mag-
nitude of the thickness-dependent correction. In
cases reported here the effect was well under 10%.
The thickness-independent contribution to the
background is due to multiple interactions of pho-
tons with the target surroundings and coincidences
between Compton electrons and x rays of scattered
photons. Its magnitude was determined by replac-
ing the target with an equivalent thickness of alum-
inum or béryllium.

Since in most instances it was found that the
“false” rate discussed above never exceeded 25%
of the total count rate the contribution from this
source to the statistical uncertainty was rather
small. Also it is worth noting that our background
was somewhat lower than the average reported in
the literature (although East and Lewis'® report a
false rate of ~1%-2%). This is probably due to the
use of graded-Z absorbers and the fact that the
coincidence windows used in this work were sev-
eral orders of magnitude narrower than those used
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in all preceding experiments except that of East
and Lewis.!® It was further noticed that placing
an 8-mm plastic filter in front of the x-ray detec-
tor reduced the false rate to no more than 5% of
the total measured rate. The thickness of this
filter is greater than the range of 600-keV elec-
trons. A reasonable conclusion would then be that
most of the spurious count rate was due to coin-
cidences 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
multichannel analyzer. The true count rate (for
our purposes) C as a function of channel # is found
by correcting for the accidental count rate C,, the
“false” rate C;, and the false-accidental count rate
C:., and is given by

C(n)=C,(n) = C,(n) = [C4(n) = C,(n)] . (1)

The channel number was related to the scattered
photon energy E; by means of energy vs channel
calibrations with known radioactive sources. A
calibration curve was made each time the gain in
the system was changed. The system was found
to be linear to within the limits set by gamma ray
detector resolution.

The transformation of the reduced count rate
C(E,) into the doubly differential cross section
do/dQE, is given by,

do. _ C(E,)/AE,
dQE; ~ (259,/4m)(€ (Qy/4m)Q w G (Ef)e, (Ey)’

(2)

where S is the source strength in disintegrations
per second, ©,/4rw is the relative solid angle sub-
tended by the defining collimator with respect to
the source, Q,/4r is the relative solid angle sub-
tended by the sensitive area of the K detector with
respect to the irradiated area on the target, @, is
the absolute solid angle subtended by the sensitive
area of the gamma detector with respect to the ir-
radiated area on the target, €,(E,) is the efficiency
of the gamma-ray detector for energy E;, wyg is
the K-shell fluorescence yield, G, is the geometry
dependent factor correcting for absorption within
the target, and AE; is the energy width of a chan-
nel.

All of these quantities were readily ascertained.
The factor S(Q,/4m)ey is actually the “effective”
source strength determined by the source calibra-
tion procedure which will be discussed in Sec.

II F. ©, must be small (in this experiment less
than 0.04 sr in all cases) in order to obtain rea-

sonably fine angular resolution. No such con-
straint influenced the placement of the K detector,
and so Q/47 was maximized. A simple calcula-
tion which summed over small differential areas

* on the irradiated surface was done in order to

determine Q/4n. The spectral réqunse ey(E)
was determined by using several monochromatic
energy standards. Both radioactive sources and
photons scattered by nearly free electrons (e.g.,
aluminum) were used for this measurement which
showed that the Compton edge was relatively un-
important for photon energies less than 300 keV.'®
The dependence of the photoelectric escape peak
on incident photon energy was found to adhere to
the theoretical optimum described in Siegbahn’s
work.'® The effect of photoelectric escape is neg-
ligible at energies greater than 100 keV.

As can be seen from the remarks above 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 the Compton spectra generated by the
320-keV source are distributed. Accurate deter-
minations of the spectra generated by the scatter-
ing of 662-keV photons would require that the mea-
sured spectra be mathematically unfolded in order
to compensate for Compton escape processes, a
difficult and unreliable procedure. The photo-
escape which distorts the spectra produced by the
145-keV source 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 correction in-
volved is negligible at incident energies above 100
keV but can be sizable below this limit. Because
of these uncertainties only the Fe data was con-
sidered 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 efficiency of the x-ray
detector, and the settings of the single-channel
analyzers and amplifiers in the x-ray leg of the
electronics. The calibration for the effective
source strength was done by exposing the target to
source radiation collimated as in the actual coin-
cidence experiment. The effective source strength
was then given by

Sk

So= T — :
0= 0/ 4n)0 oxCr (3

where Sgis the count rate of the x-ray detector,

Qxis the solid angle subtended by the x-ray de-

tector, o, is the cross section for photoelectric



absorption of source photons, wy is the K-shell
fluorescent yield, and Ggis the correction for ab-
sorption in target. '

G. Self-absorption corrections

In addition to the thickness dependent spurious
effects discussed in Sec. IID, the experimental
value for do/dEdS2 may be influenced by the at-
tenuation of K x rays, scattered gamma rays, and
source photons. Necessary self-absorption cor-
rections were incorporated into G, and G, as used
in Eqgs. (2) and (3). Expressions for G, and Ggare
given in Ref. 15, It was found that only negligible
corrections G, and Gy were required in energy re-
gions where the quasi-Compton peaks appeared.
However, in the lower-energy portions of spectra
wherein the IRD dominated the spectrum, signifi-
cant corrections were required. In the worst
cases (e.g., scattered photons of energies near
50 keV for 320-keV photons incident on gold or
holmium) corrections of the order of 15% were
required. '

II. RESULTS AND DISCUSSION

The results of our measurements are presented
in Figs. 2—6 and Tables III-1V. InFigs. 2(a)-2(d)
we give illustrative spectra for forward and back-
ward scattering angles in the case of 662-keV pho-
tons incident on Au and 320-keV photons incident
on Ho. Since all the spectra in Figs. 2(a)-2(d) -
have been corrected for background (see above),

the continuum present in all these figures is large- .

ly attributable to the IRD (see below). It clearly
contributes to the uncertainty in extracting the
area under the quasi-Compton peak, particularly
in Figs. 2(a), 2(c), and 2(d). In Fig. 2(b) on the
other hand, the narrowness of the quasi-Compton
peak (at 225 keV) makes the contribution of the
IRD negligible. In Fig. 2(c) [320-keV photons in-
cident on Ho (Z=67), 6=20°] the quasi-Compton
peak is eliminated by the binding-energy require-
ment and the contribution of the IRD is paramount.
In Fig. 2(d), the same as Fig. 2(c) except 6=136°
rather than 120°, the quasi-Compton peak is avail-
able energetically, quite narrow, and quite evi-
dent. However, unlike Fig. 2(b), the contribution
of the IRD is very comparable to the area under
the peak. In this case the photon momentum trans-
fer and the electron momenta (in the K shell) are
in very much the same range, =0.5-1.5 in natural
units (Z=c=m=1), and the competitive nature of
the cross sections for the IRD and the quasi-
Compton scattering is to be expected.’”

In all cases it is clear that the apparent cross
section will depend on the lower discriminator
setting such that the lower the setting the higher
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FIG. 2. Experimental results for the doubly different-
ial (dEdQ) scattering cross section vs final photon en-
ergy for four cases: (a) 662-keV photons incident on
gold (Z£=79), scattering angle 45°. The free-scattering
prediction (the long vertical line marked “free Compton”)
is 479 keV and the high-energy cutoff (shorter vertical
line marked “cutoff”) is 582 keV. The vertical bars (on
all curves) represent the experimental error and are
typical of all the points. (b) 662-keV photons incident
on gold, scattering angle 120°. The free Compton and
cutoff energies are 225 and 582 keV, respectiveiy. (c)
320-keV photons incident on holmium (Z=67), scattering
angle 20°. The free Compton and cutoff energies are
308 and 265 keV, respectively. The main contribution
to the spectrum here is the IRD. (d) 320-keV photons
incident on holmium, scattering angle is 136°. The free
Compton and cutoff enérgies are 155 and 265 keV, re-
spectively. In this case we also show the prediction of
the semiclassical theory by the solid line (see Sec. III).
As in (c) the contribution of the IRD is the major contri-
bution but in this case the quasi- Compton peak is en-
ergetically accessible and visible.

the calculated cross section. For the 320-keV data
the situation is much more sensitive in this regard
than for the 662-keV data, as might be expected,
and the presence of the IRD (at 320 keV) in the Sn
and Au data, not shown here, constitutes a large
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FIG. 3. Energy-integrated quasi- Compton peak cross
sections as a function of angle for several cases: (a)
145-keV photons incident on iron (Z=26). (b) 320-keV
photons incident on iron (Z=26), tin (Z=50), holmium
(Z=67), and gold (Z=79). The solid lines on both graphs
represent the free-scattering (Klein-Nishina) prediction.
The vertical bars are the experimental errors (missing
when the errors are smaller than the point-symbols).
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FIG. 4. Corrected fwhm (full width at half maximum)
of quasi- Compton peak vs target atomic number for
320-keV photons incident (see Sec. III). The experimen-
tal errors are represented by vertical bars. The data
for Z=26 are not shown because of their very large
uncertainty (see Table IV). The curves are intended to
guide the eye only. '

effect. Similar remarks pertain to the Sn data at
662 keV, also not shown here,

Because of the fact that, hitherto, the IRD in in-
elastic Compton scattering has not been observed
(or identified) special péins were taken to elimi-
nate all possible spurious sources which might ac-
count for the low-energy continuum. As noted in
Sec. IID the main concern was the photoelectrons
ejected from the K shell which lead to brems-
strahlung photons which would be in actual coin-
cidence with characteristic K x rays. This would
be a source of “false” coincidences which one
could not distinguish from “true” coincidences by
repeating the experiment using an aluminum tar-
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FIG. 5. Corrected fwhm of quasi-Compton peak vs
scattering angle for (a) 145-keV photons incident on
Fe(Z=26), (b) 320-keV photons incident on Au(Z=79),
Ho(Z=67), and Sn(Z=50), (c) 662-keV photons incident
on Sn(Z=50) and Au(Z=79). The curves are intended to
guide the eye only. The vertical bars represent the
experimental errors.
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FIG. 6. Theoretical prediction (solid line, Ref. 2)
compared to experimental results for do/dQdE for 320-
keV photons incident on Au(Z=79) at two angles: (a) 120°
(b) 90°. The experimental errors (not shown) are
roughly the size of the triangular points. The peak at
70 keV is due to spurious coincidences between gold
x-rays detected in the gamma detector and scattered-
photons detected in the K detector (see Fig. 1).

3

get. This contribution would resemble our ob-
served IRD, qualitatively, in both spectrum and
angular distribution. Since photoelectrons would
initially carry an energy equal to the source en-
ergy minus the target K-shell binding energy, the
corresponding bremsstrahlung spectrum would
consist of a divergence with a cutoff at the maxi-
mum electron energy. This would be identical to
that of our observed IRD. Since photoelectrons
are emitted isotropically in the CM (center-of-
mass) and, since the CM and LAB (laboratory)
frames from high-Z target atoms are practically
identical, one would expect the resulting brems-
strahlung to be isotropically distributed. We see
some anisotropy (210%) in the IRD in our experi-
mental data, but not to such a degree that brems- '
strahlung could be eliminated as a possible cause
of the observed IRD without further considerations.
Although Shimizu efal.® estimated this effect to
constitute a negligible contribution to their ob-
served cross sections, we undertook an indepen-
dent estimate. Using the expressions given by

TABLE III. Width of quasi-Compton peak for 145-keV
incident. Only the Fe data was usable in this case (see
Séc. I).

N

Corrected fwhm

8, (deg) (keV)
20 166
30 15+ 8
45 ’ ' 21+6
60 ’ 2246
90 ‘ 26+5

120 235
137.4 2045
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TABLE 1V. Width of quasi-Compton peak for 320-keV incident.

Corrected fwhin

Corrected fwhm

Corrected fwhm Corrected fwhm

05 (deg) (keV) Z=179 (keV) Z=67 (keV) Z =50 (keV) Z=26
20 a a 22£22 23 422
30 a 49°® 24 +24 25+25
45 a 52 51+16 35+15
60 a 45+18 61+14 38+12
90 26" 49+ 14 3717 22+14
120 25 +14 50+8 26+14 24+9
136 46+6 34+8
137 17+8

. 137.4 20+12

2 Peak suppressed by energy conservation condition.

Ppeak eroded by energy conservation condition.

Heitler,'® we estimated the radiation length of
Compton electrons of energies concerned in cases
which exhibited strong IRD and found these to be
of the order of 10° mg/cm? which is to be com-
pared with foil thickness of approximately 20
mg/cm?, On the basis of this result we estimate
that not more than 0.02% of the K-shell electrons
emitted produced bremsstrahlung photons. This
is in rough agreement with the estimate of
Shimizu et al.® that the size of the effect was not
more than 0.1% for their experiments. This is to
be contrasted with an observed IRD of magnitude
greater than ten times the area under the quasi-
Compton peak, as can be seen for example in
Figs. 2(c) and 2(d).

We then turned our attention to coincidences be-
tween bremsstrahlung photons and K x rays emit-
ted by atoms excited by electrons freed by photo-
electric events. Although this is a higher-order
effect, the presence of great numbers of photo-
electrons makes it a possible cause of brems-
strahlung background. Using a procedure similar
to that described above, we estimated that this
-effect would produce a bremsstrahlung background

TABLE V. Width of quasi-Compton peak for 662-keV
incident.

Corrected fwhm Corrected fwhm

8, (deg) (keV) Z=179 (keV) Z=50
20 a 78+9
30 a 7712
45 106® 95+10
60 115+8 66+13
90 6611 49+ 14
120 4010 50+14
137 3448
142 30+9

2 Peak suppressed by energy conservation condition.
PPeak eroded by energy conservation condition.

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

Finally, experimental verification of the fore-
going analysis was sought. Our measurements in-
dicate that, for the target thicknesses utilized in
the present work, the bremsstrahlung background
counts were well below 10% of the total counts in
the IRD region or the quasi-Compton peak. In
particular, we compared spectra produced by
gold targets of thickness 200, 100, and 20 mg/cm?
for source energies of 662 and 320 keV at several
scattering angles. We also examined spectra pro-
duced by target foils composed of an alloy of cop-
per and gold (25% gold and 75% copper by weight)
under the same experimental conditions. Besides
the essentially unobservable change in count-rate
per mg thickness, we also note that within +10%,
no difference of the relative magnitude of the ob-
served IRD compared to the quasi-Compton peak
was observed. This confirms the relatively back-
ground-free character of our IRD spectra. How-
ever, it is worth noting that for such a high-Z
target as gold the smallness of the IRD compared
to the quasi-Compton peak [see Fig. 2(a)] makes
it difficult to extract a good value for the cross
section of the IRD. It is clear (for the present)
that the best data for this purpose is Ho; see Figs.

"2(c) and 2(d) and the following discussion.

A rough estimate can be made of the IRD cross
section using the approach of Heitler in the cal-
culation of the production of bremsstrahlung.'®
In this case we combine the photoelectric cross
section with the appropriate second-order correc-
tion which then leads to the IRD cross section. In
doing this the assumption is made that the IRD is
angularly isotropic. The crude approximation
that results is
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s .
T m T TR (4)

dQdE, " 1 4nE,’

where E, is the final photon energy, Opc is the ap-
propriate photoelectric cross section (both energy
and Z dependent), and « is the fine-structure con-
stant. The factor a/7 is part of the second-order
correction to the photoelectric effect, which the
observed IRD in the inelastic Compton scattering
must exactly equal in magnitude and energy (E,)
dependence. This argument is precisely the same
as applies to the cancelling second-order correc-
tions in each of the two phenomena, Coulomb scat-
tering, and bremsstrahlung.'®

Applying Eq. (4)to the best case for our pur-
poses, namely the scattering of 320-keV photons
from Ho, Z =67 [see Figs. 2(c) and 2(d)], we find
that the ratio of the observed doubly differential
cross section to that predicted by Eq. (4) is in the
range 1.0+ 0.5. The energy range and angular
range used to obtain this result were 45-90 keV
and 20°-136°, respectively. In view of the very
rough nature of Eq. (4), 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. It is unlikely
to be negligible in this case.

In Figs. 3(a) and 3(b) we show the dependence on
angle of the cross section for the quasi-Compton
scattering at two energies, 145 keV [Fig. 3(a)] and
320 keV [Fig. 3(b)]. At 145 keV, only the data for
the lightest target (Fe) was usable (see Sec. II).

In both cases the fall-off at forward angles com-
pared to the Klein-Nishina (free-electron) predic-
tion is quite evident. Such a fall-off is to be ex-
pected from a simple semiclassical model which
uses the Klein-Nishina formula in conjunction with
the expected momentum distribution of the K-shell
electrons.’ Such a model was employed by Motz
and Missoni'* and we have used essentially the
same model to make similar calculations in order
to understand, at least qualitatively, the results
in Figs. 3(a) and 3(b) (and also the following fig-
ures).'” Our calculations show that at forward
angles, only that portion of the electron momen-
tum distribution which is both large in magnitude
compared to the average magnitude and antiparal-
lel in direction to the incident photon direction will
contribute to the inelastic scattering. This double
limitation produces a much reduced cross section
in consonance with the findings in Ref. 14. How-
ever, since the model neglects, among other
things, the Coulomb scattering in the intermediate
state (after absorption of the incident photon) it
tends to under-predict the forward scattering.
Thus, for one example, the cross section cannot
be expected to disappear at 0°, even using the

semiclassical model; although it will be much
smaller than the free-electron prediction of
course, as was found experimentally. Two other
failures of the semiclassical model are its in-
ability to correctly deal with the Compton shift
(see below) and, of course, the total absence of an
IRD. Both of these failures are due to the com-
pletely elastic character of the calculation and are
to be expected. A good example illustrating these
matters is the scattering of 320-keV photons from
Ho (Z=67), as shown in Fig. 2(d).

At back angles (6>90°) the observed cross sec-
tion for 320-keV photons is significantly smaller
than the free Klein-Nishina prediction, by a factor
of up to two [see Fig. 3(b)], whereas at 145 keV
there is good agreement, as shown in Fig. 3(a).
Our semiclassical calculations at 320 keV (not

“shown) show a decrease at back angles (compared

to the Klein-Nishina prediction) as well as a (rel-
ative) increase at these same back angles at.660
keV. (The 660-keV data and semiclassical calcu-
lations of Ref. 14 are in excellent agreement with
our calculations, as might be expected.) However,
the relative behavior in Fig. 3(b) of the experi-
mental points for Ho (Z=67) and Sn (Z=50) are
not reproducible by our semiclassical calcula-
tions. In the experimental data the former is es-
sentially at the Klein-Nishina limit while the lat-
ter is down by a factor of 1/2 for 62 120°, while
our calculations show an even bigger decrease at
Z =617 than at Z=50.

In Figs.'4, 5(a), 5(b), and 5(c) are plotted our
experimental results for the corrected fwhm (full-
width at half-maximum) of the quasi-Compton
peak. The method of correction is discussed in
Ref. 15. The results are given numerically in
Tables III-V. The results of Figs. 4, 5(a), and
5(b) are consistent with an angularly independent
fwhm (to within a factor of two) but a highly Z-de-
pendent behavior, for 320-keV incident photons.
The peaking of the fwhm around Z=50to Z=67
(see Fig. 4) is clear. (We do not show the low-Z
results where the fwhm is zero for all practical
purposes.) Neither the relative angular behavior
or the absolute values of the fwhm values in Fig.
5(c) (662-keV incident on targets of Z=50 and Z
=179) are predicted correctly by the semiclassical
model, the results of which we do not show here.
The results of the semiclassical calculation not
only require much broader peaks (by a factor of

.2 or more) but an increase of the fwhm with scat-

tering angle, as might be expected from purely
classical considerations. See Fig. 2(d) for an ex-
ample of the semiclassical prediction and its
comparison with experiment.

In Figs. 6(a) and 6(b) we show a comparison be-
tween our experimental results and the relativistic



calculation of Wittwer? for an incident photon en-
ergy of 320 keV and a gold target, Z="T9. This
calculation was truncated to include only dipole
and quadrupole emission and absorption. It is not
surprising therefore that the Compton peak is
practically undiscernible in the theoreétical curve
of Fig. 6(a) (6=120°). However, the quantitative
agreement for cross sections averaged over =100-
keV intervals is really quite good, excluding the
spurious peak at 70 keV, of course (see Sec. II).
This same spurious peak obscures the IRD in the
experimental data, and so it is not possible to say
very much concerning the comparison of theory
and experiment in the low-energy region. As al-
ready noted, however, the theoretical calculation
does continue to rise (towards E,:O) with a 1/E,
dependence in the low-energy region (see Refs. 1,
2).

We reserve to the last the discussion of the ap-
parent lack of any Compton defect in the centroids
of all the quasi-Compton peaks which could be lo-
cated with any precision. In no case was the
change from the expected free-scattering energy
greater than 20 keV and in some cases the sta-
tistics permitted an upper limit of <10 keV. If we
were to use the well-known low-energy prediction
for a shift in wavelength (x) this would correspond
to a wavelength change (A X) of the order of

“|e,l/R?,2°42! where |e,| and & are the K-shell bind-
ing energy and incident photon wave number, re-
spectively, in natural units (see above). In the
case of 662-keV photons incident on a gold target
(Z="9) this would amount to'a downward shift in
the scattered energy of =50 keV. In Appendix A
we present a short resume of earlier Compton-
shift formulas and a few calculated results for the
centroid shift based on the semiclassical model,
wherein the elastic limitation as well as the low-
energy approximations are lifted. For all the
cases reported here the application of the results
of Appendix A lead to the prediction that the energy
shift will be <5 keV, and not necessarily in the
downward direction. In any case, this limit is at
least a factor of two beyond the precision with
which we can ascertain the centroid position in
our experimental results. It thus appears that the
semiclassical model can be successfully applied to
the average energetics pertaining to the Compton
process. Furthermore it yields the same results,
regardless of whether the process is inelastic or
not. Howéver, beyond this its usefulness is rather
limited as described above.
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APPENDIX: THE COMPTON DEFECT

The existence of a “Compton defect,” i.e., a
shift towards a longer wavelength for the scatter-
ing of photons (from bound electrons) than the
free-electron prediction, has been known for more
than forty years. The phenomenon was shown to
be a binding-energy effect in 1934 by Bloch® in
what we call the low-energy limit (see below). A
review of similar theoretical treatments as well
as measurements (up until 1955) was given by
Evans.” In this appendix we give some results on
the Compton defect based on the semiclassical
model described in Sec. III and in Ref. 14, with the
addition that the inelastic character of the process
is included in the kinematics. Our considerations
are limited to K-shell inelastic scattering and our
purpose is to discover what happens in more gen-
eral situations than the low-energy limit. Such
situations would include all the cases which form
the subject matter of the present work, wherein
the photon and electron momenta are not only com-
parable but the latter is relativistic (as well as the
former). Using momentum and energy conserva-
tion the following formulas can be derived with
one principal assumption, which we will shortly
describe:

o hk
k= fo+k(1=cosf) (A1)

_(k+eg)2+k+e)) - (P °®
h= 200 ’

R+ kre,—(D)
A ’

where we have used natural units (F=m=c=1) and
k is the initial photon energy, %’ the final photon
energy, 6 the photon scattering angle, —e, the ini-

(A2)

(A3)

tial K-shell electron binding energy ~Z a®/2, and

{ P is the average magnitude of p, 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 di-
rections and magnitudes characterizing the K-
shell distribution. The results Eqs. (A1)-(A3) are
based principally on the assumption that the re-
placement of () with p in Eqs. (A1)~(A3) plus sub-
sequent averaging over all p (see above definition
of (), will lead to the same result for %’. :

The low-energy limit of Eqs. (Al)—(A3) is easily
defined and calculated:

Low-enevgy limit: |e < k1,

AX=0" =21 =(1~-cos0) (1 - I2ik%l>+ Z— E:Z,Ll , (A4)
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where (\,1’) are the (initial, final) wavelengths in
natural units. If we neglect the departure from
unity in the correction factor multiplying the angu-
lar term (1 —cos#), the result is essentially the
same as the correction (A\)?|¢,| derived by Bloch
and others.!®?° The neglect of the correction to
(1 -cos6), however, is justifiable only when
(A\)*|€,] is <1 and/or cosf=~1 (forward angles).

The next case we treat is more general in that
only the energy of the photon is restricted so that.
its momentum will be large compared to that of
the initial electron. In this case Eqs. (A1)—(A3)
yield the following:

Low-Z limit: Zo <k,
Ax=(1-cosh)(1+]e,]) . (A5)

The change between Egs. (A4) and (A5) is very

notable; the Compton defect has become (for most
purposes) very much smaller, relative to the in-
cident wavelength. This result is in keeping with
the experimental findings in the present work.
However, in order to check this finding more
closely the functions f, and f, were evaluated in the
specific cases which were studied here (see Table
I). In these cases no approximations of the kind
used in Eqs. (A4) or (A5) really apply. However,
all the results were still in keeping with Eq. (A5),
that is to say the calculated Compton defects were
so small as to be undetectable, < 5 keV. It is im-
portant to emphasize that all the above applies
only to the centroid of the quasi-Compton peak.
Where this peak is not observable or significantly
distorted due either to energy considerations or
interference from the IRD (or both) the simple
classical approach utilized above cannot be ap-
plied.
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