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Compton scattering of 320-kev y rays by E-shell electrons of holmium and gold
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Compton scattering of 320-keV y rays through 45' and 115' by K-shell electrons of gold and hol-

mium has been studied by the well-known coincidence technique. Double-differential cross sections

with respect to outgoing photon energy and angle have been determined from 30 keV up to the ki-

nematic limits. Target-Z-dependent false coincidences arising from bremsstrahlung emitted by pho-

toelectrons were estimated both by theoretical analysis and by measurements carried out with gold

targets of thicknesses differing by more than a factor of 4. The analysis of the bremsstrahlung pro-

cess included the often neglected effects of the angular distribution of photoelectrons and of multi-

ple scattering of electrons during the slowing-down process within the target. The bremsstrahlung

generated false coincidences obscure the possible observation of the predicted infrared divergence in

the low outgoing photon energy regime and lead to a significant contribution even in the quasi-

Compton regime. The single-differential cross sections obtained after a correction for bremsstrah-

lung are in reasonable agreement with theoretical calculations.

I. INTRODUCTION

Two recent reports' from this laboratory described in
detail, experimental and theoretical results pertaining to
Compton scattering of 279.2-keV y rays by K-shell elec-
trons of tin and gold. Double-differential cross sections
with respect to angle and outgoing photon energy were
also reported sometime ago from another laboratory in
the case of 320-keV y rays and tin, holmium, and gold
targets. In the regime of low outgoing photon energies,
increasing cross sections with decreasing photon energy
representing an infrared divergence (IRD) effect in
scattering were measured in these experiments. Contrary
to theoretical expectations a larger IRD effect was re-
ported in Ref. 3 with holmium rather than gold. Al-
though a significant error in Ref. 3 concerning the esti-
mate of bremsstrahlung generated false coincidences was
pointed out in Ref. 1, the magnitude of the error was un-
derestimated on account of an inadvertent omission in
Ref. 1 in the method of estimation. In view of this situa-
tion, it was considered worthwhile to perform new mea-
surements with 320-keV y rays, and also to make a de-
tailed analysis of the relevant bremsstrahlung problem.
Many details concerning the present experiment are the
same as in Refs. 1 and 2. Only specific details pertaining
to the present 320-keV experiment, the results obtained,
and a fresh analysis of false coincidences will be present-
ed here. It is now clear that previous claims regarding an
unambiguous observation of the infrared divergence
effect were premature. Further, a significant correction
will be shown to be necessary even in the quasi-Compton
peak energy regime.

New results have been reported recently concerning
Compton scattering of 70-keV synchrotron radiation by
K-shell electrons of copper. A detailed estimate of false
events of secondary origin has been presented in that re-
port. The energy spectrum in the IRD regime was shown
in this case also to be dominated by bremsstrahlung gen-

crated false events.
Specific details regarding the present experiment and a

transparent method for the estimation of target-Z-
dependent false coincidences will be presented in Sec. II.
The results will be discussed in Sec. III.

II. EXPERIMENTAL DETAILS,
TARGET-Z-DEPENDENT FALSE COINCIDENCES,
AND DOUBLE-DI1'5 RRENTIAL CROSS SECTIONS

A. Experimental details

Chromium-51 sources of approximately 800 mCi initial
strength were used in the present experiment. The half-
life of this electron capture source is only 28 days and
320-keV y rays are emitted in only 10% of the decays, so
two similarly prepared sources were used during mea-
surements at 45' and 115'. Note that in an early study
with this source, detailed double-differential distributions
extending downwards to low photon energies have not
been reported. The well-known procedure of detecting
scattered photons in coincidence with characteristic K x
rays of the target was adopted in the present experiment.

The number of net coincidences N, with the target un-

der study were determined by a subtraction of the chance
coincidences N, h and the target-Z-independent net false
coincidences Nf from the total number of coincidences
N measured with the target:

N =N"—N —Nch f
The target-Z-independent false coincidences were ob-
tained with the help of an aluminum target containing
the same number of electrons as the target under study.
To achieve at least moderate precision, coincidence
counting times of about 200 h were needed for each type
of measurement with each target at each angle. The
different count rates are summarized in Table I.

Self-supporting targets of better than 99.9%%uo purity
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TABLE I. Integrated coincidence count rates above 100 keV per 3.6X10' sec. The source strengths were different for different

cases. The quoted statistical errors have been obtained by collecting data of each kind for about 7.2X10' sec. Here NT is the coin-

cidence rate measured with a target under study, N, h is the corresponding chance coincidence count rate, Nf is the target-Z-

independent false count rate, and N, is the net coincidence count rate.

Angle (deg)

45

115

Target

Gold
Holmium
Gold
Holmium

42.8+0.49
17.4+0.36
21.5+0.41
9.26+0.29

N, h

0.69+0.06
1.56+0.11
1.65+0.11
0.48+0.07

Nf

10.25+0.24
11.1+0.29
7.25+0.25
4.09+0.19

N, =N —N,„—Nf

31.9+0.55
4.74+0.47
12.6+0.49
4.69+0.38

were used. Although most of the measurements were
made with 40.5 mg/cm gold and 30 mg/cm holmium
targets, additional measurements were also made with a
9.17 mg/cm gold target with the intention of obtaining
an experimental determination of bremsstrahlung gen-
erated false counts. A similar procedure was followed in
several earlier studies including those reported in Refs. 2
and 3. The above-mentioned gold target thicknesses cor-
respond, respectively, to 0.34 and 0.075 of the (240-keV)
photoelectron range of 120 mg/cm, calculated according

to the continuous showing-down approximation
(CSDA). The values of double-differential cross sections
deduced from experiments with the thinner and the
thicker gold targets were consistent with each other
within the experimental error of about 20%. This result,
obtained also in earlier studies, can be understood in the
context of the analysis to be presented in Sec. IIC.
Corrections for target-Z-dependent false contributions
are described in Secs. II B and II C.

B. Contributions from source backscattered photons

Photons of 320 keU after inelastic backscattering from
the source material and the source housing have an ener-

gy of about 145 keV and a relative intensity of about 8%
in this experiment. The energy distributions resulting
from E-shell Compton scattering of these photons extend
to kinematic limits of 64 and 90 keV, respectively, in the
case of gold and holmium. Nonrelativistic theoretical
calculations briefly described in Sec. III were used to esti-
mate this relatively small but not totally negligible contri-
bution to the coincidence counts in the low-energy re-

gime. A correction of this type has not been mentioned
in earlier reports.

C. Bremsstrahlung from electrons released
through X-shell photoeffect

The process mentioned above leads to the detection of
target E x rays in coincidence with bremsstrahlung pho-
tons and is mainly responsible for Z-dependent false
counts.

The window of about 28 keV of the single-channel
analyzer (SCA) at the output of the thin or the so-called
x-ray detector, adjusted for the selection of K x-ray
pulses, restricted also the possible energy range of the
bremsstrahlung photons detected by the same counter.
As pointed out in Ref. 1 the detection of E x rays by the

y counter in coincidence with bremsstrahlung photons

accepted by the x-ray detector SCA window is mainly re-
sponsible for the observation of E x-rays in the y counter
spectra recorded in the coincidence gated mode. Since
the positions and widths of K x-ray peaks in the y
counter spectra could be accurately determined, a
straightforward procedure was used to subtract the con-
tribution of such Z-dependent false counts from the
recorded spectra.

Now we will discuss in some detail false coincidences
arising on account of simultaneous detection of E x rays
by the x-ray detector and bremsstrahlung photons by the

y counter.
The number of E x rays detected per unit time by the

x-ray detector is obtained by a summation of contribu-
tions from different layers of the target of small thickness
5t The c. ontribution 5N„ from one such layer is given by
Eq. (2):

NQ5N Ops'(x'/4o )gx'Qx ox'ex' (2)

No represents the number of y rays incident on the target
per unit time, 5N„represents the number of scatterer
atoms per unit area in a layer of small thickness 5t, 0. x
represents the E-shell photoeffect cross section of a target
atom, co+ represents the K-shell fluorescence yield, gz
represents the single-channel analyzer window accep-
tance factor for target K x rays, and Qz, a&, and ez are
the solid angle, the transmission, and the efficiency for
the detection of K x rays, respectively. Corresponding to
each E x-ray detection, the probability Pzb of simultane-
ous detection of bremsstrahlung photons of energy kf by
the y counter is given by Eq. (3):

d CTb

Pub= d dk
dN Qel, ar,

d Qdkf
(3)

where d o&/dQdkf is the atomic bremsstrahlung cross
section per unit solid angle per unit energy range and is a
function depending on E, kf, P, and Z, E is the electron
kinetic energy, P is the angle of photon emission with

respect to the direction of the slowing-down electron, Z is
the atomic number of the scatterer, dX„ indicates the
number of atoms per unit area in a further thin layer of
the target traversed by the electron, the integration is
over the entire electron path within the target, and

0, a& and e& are, respectively, the solid angle, the
f f

transmission, and the efficiency for the detection of pho-
tons of energy kf by the y counter. Therefore the rate
(EN&)s, /hkf of Z dependent fal-se coincidences due to
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bremsstrahlung per unit energy range is obtained from
the product of 5N„and Pz& ..

(b,Nb )b

Akf

~x
No&N.

4 'Qicic~ic~r«I, ~I," 4m f f

Ob
X o. I dQdk f

(4)

Note the dependence on (5N ) as well as on an integral
over the number of atoms encountered in the slowing
down of the electron within the target.

The rate of net coincidence counts (bN, )s, /hkI per
unit energy interval arising from E-shell Compton
scattering within the layer of thickness 5t is similarly
given by Eq. (5), which is substantially similar in form to
Eq. (4):

(EN, )s,

bkf
COg

Np5N rtKQKoKeKQob eb
4m f f

Og

d Qdkf

(5)

where d o KldQdkI is the double-differential cross sec-
tion for I( -shell Compton scattering. The factors within
the first brackets of Eqs. (4) and (5) are common so that
(bNb )s, /bkI is proportional to

d o'b

fPK d fldk sc

and (EN, )s, /bkI is proportional to d o K/dQ kd./The
same proportionalities will apply for the respective con-
tributions from the whole target. In the following discus-
sion, the factor

Ob
Pic d gdk scf

will be called the "apparent" bremsstrahlung cross sec-
tion, which is seen to be target thickness dependent as
long as the target thickness is smaller than the electron
range.

The omission mentioned in the Introduction in connec-
tion with similar estimates reported in Refs. 1 and 2 is
traceable to an inadvertent neglect of the solid angle 0 in
Eq. (5). The omission resulted in an underestimate of the
ratio (ANb)/b, N, by a factor 1/0, i.e., by a factor of
about 50. Thus the relative importance of bremsstrah-
lung was erroneously underestimated.

To estimate the apparent bremsstrahlung cross section,
the target was divided into a large number ( —15) of lay-
ers of small thickness. Electron emissions in different
directions with respect to the incident photon direction
were weighted with appropriate relative probabilities cal-
culated from the results of Ref. 8. The details of the cal-
culation are similar to those in Ref. 5, which, however,
assumed isotropic emission of photoelectrons. The
weighted path lengths of photoelectrons in the thicker
and thinner gold targets turned out to be about 53 and 19
mg/crn, respectively. In the first instance, values of
d o.

b /d Qdkf were obtained under the assumption of iso-
tropic bremsstrahlung from the angle integrated cross

sections tabulated by Pratt et al. with the use of a scal-
ing factor P kI /Z, where P is the ratio of electron veloc-
ity to velocity of light.

In contradiction to expectations based on the above es-
timates or on the similar estimates of Ref. 5, a variation
of the "apparent" bremsstrahlung cross section with tar-
get thickness was not measurable within the experimental
error of about 20% for 0.075 & t /D &0.34, where t/D is
the ratio of the normal target thickness t to CSDA range
D. The track length of electrons is much larger than the
straight line path length due to multiple Coulomb
scattering. In the estimation of apparent bremsstrahlung
cross section, the increase in the effective track length of
electrons must be taken into account in the last term in
Eq. (4).

For this purpose, we will consider a recently proposed
simple model. ' According to the recent model, electrons
of initial energy Eo may be considered to move approxi-
rnately in straight line paths down to a characteristic en-
ergy E, and then below E, to undergo random motion in
the target. With this simple model, good agreement was
obtained between experimental and calculated practical
ranges for electrons and positrons of energy between 0.25
and 5 MeV. The practical range corresponds to electron
or positron slowing down from Eo to E, . The results ob-
tained according to this simple model are in agreement
with trends deduced earlier" through Monte Carlo calcu-
lations for electrons of 0.4-4 MeV traversing normally in
carbon, aluminum, and copper targets. The practical
range of 250-keV electrons in gold turns out to be only 26
mg/cm . Thus even our thinner gold target thickness
was equivalent to about 0.75 times the thickness needed
to reach the condition of random motion. Consequently,
the effective track length for electrons in the thinner gold
target will be only about 25% less than that in the thicker
gold target. Thus the above-mentioned experimental ina-
bility to measure thickness variation of the apparent
bremsstrahlung cross section can be understood.

The semiempirical thick target bremsstrahlung formu-
la, ' developed a long time ago, is therefore useful in the
interpretation of the experimental results for the thicker
gold and the holmium targets. This formula is expressed
through Eq. (6):

d o b 2k'z Eo —kf
4~

where the initial photoelectron kinetic energy Eo is in
this experiment equal to 240 keV in the case of gold and
265 keV in the case of holmium, k' is independent of Z
and is also independent of angle under the assumption of
isotropic brernsstrahlung. According to Buechner
et al. ' for somewhat higher electron energies, k' is about
0.4X10 /keV and may even display a residual angular
dependence in spite of the tendency towards isotropy due
to multiple Coulomb scattering. According to Ref. 14, k'
may be approximately taken to be (0.7+0.2) X 10 /keV.
We adopted the reasonable criterion that k' must not be
so large as to lead to an apparent brernsstrahlung cross
section larger than that measured with any target. Thus
we estimated the values of k' to be 0.4X10 /keV and
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FIG. 2. The same details as for Fig. 1 except that the target is holmium and the angle of scattering is 45 .

FF and G arising from the form factor and the Gavrila
calculations, and the cross sections GFF are shown in the
case of gold at 115'. In the low-energy region, the OFF
cross sections for gold are consistent with the differences
deducible from Fig. 1 within their large errors. A similar
situation has been noted by us in the other cases reported
here. However, firm conclusions cannot be stated regard-
ing an unambiguous observation of the predicted infrared
divergence.

The unpublished relativistic calculations of Wittwer'
for gold at 120' are also shown in Fig. 3. These calcula-

GOLD

e ~115

lw

0

E
lO
CV

O

,
GEE

1

140
I

ieo
ENERGY (keV)

220

FIG. 3. The double-difterential cross sections for E-skell
scattering in the case of gold at 115, deduced after a correction
for the bremsstrahlung contribution. The nonrelativistic
theoretical calculations at 115' labeled GFF, and relativistic cal-
culations of Wittwer at 120, labeled 8, are also shown. The
nonrelativisitic values GFF have been obtained by squaring the
coherent sum of the Gavrila and the form-factor amplitudes (see
Sec. III).

tions are not available for holmium and are available for
gold only at 30' intervals between 0' and 180'. Note also
that these calculations were made with the neglect of
bound intermediate states and with the inclusion of only
dipole and quadrupole contributions in a multipole ex-
pansion of the transition amplitude. Since
(1/Rc)(k, —kf) r is of the order of unity for E-shell
scattering of 320-keV y rays, additional terms need to be
calculated. The relativistic S-matrix results of Whitting-
ham' for 279 keV should be more accurate but are not
appropriate in the interpretation of our experiment with
320-keV y rays.

From Fig. 3, the scattering cross-section values for
gold up to about 190 keV at 115' are larger than the
theoretical nonrelativistic and relativistic calculations,
the "free" Compton energy kf being about 170 keV.
Note that the relativistic values are larger (smaller) than
the nonrelativistic values in the energy region above
(below) about 180 keV. The experimental values for hol-
mium at 115' and 45' (Figs. 4 and 5, respectively) are in
reasonable agreement with the available nonrelativistic
calculations. Since the kinematic limits of 240 and 265
keV for gold and holmium, respectively, are substantially
larger than the "free" Compton energy at 115' but some-
what smaller than that at 45', the broad quasi-Compton
peaks are fully developed only for the 115' case, the cor-
responding defects toward lower energies being less than
the experimental error of about 20 keV. Since the
higher-energy part of the quasi-Compton peak for 45'
measurements is eroded by the energy conservation re-
quirernent, an apparent defect in this case is deceptive.
The nonvanishing experimental values in Fig. 5 at ener-
gies above the kinematic limit can be understood on the
basis of the detector full width at half maximum of 32
keV near 270 keV.

Without the brernsstrahlung correction, the measured
cross sections would have been in substantial disagree-
ment with theory. Further, unless the measurements had
been extended to low enough outgoing photon energies, it
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FIG. 4. The same details as for Fig. 3 except that the target is holmium and that only the nonrelativistic theoretical calculations at
115' (GFF) are shown. Relativistic calculations are not available in the case of holmium.
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FIG. 5. The same details as for Fig. 4 except that the angle of scattering is 45 .
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FIG. 6. Nonrelativistic theoretical values of double-differential cross sections for E-shell Compton scattering vs photon energy In

the case of gold at 115'. The curve G indicates the energy distribution according to Gavrila's calculations. The curve FF indicates
the energy distribution according to Schnaidt s form-factor calculations. The curve GFF represents the energy distribution calculat-
ed by squaring the coherent sum of the Gavrila and the form-factor amplitudes.

TABLE II. Cross-section ratios obtained with 320-keV y rays in the present study and previous work. The lower-energy thresh-
olds were 120 and 140 keV at scattering angles of 115' and 45', respectively. The results of earlier experiments and theoretical calcu-
lations at 320 keV are also listed. The errors associated with values in the fifth column are of the order of +0.1. The errors quoted in
the fourth column are associated with reading off values from graphical presentations of Spitale and Bloom. The errors in the relativ-
istic results given in the last column are 10-15% according to Wittwer. The Klein-Nishina cross sections per electron are
4.33 X 10 cm /sr and 1.77X 10 cm /sr at 45' and 115', respectively.

Scattering
angle

30'

Element

Gold

Present
work

Experiment

Ref. 3 Ref. 6

Theory

Nonrelativistic'

0.13

Relativistic

0.11

45' Lead
Gold
Tantalum
Holmium
Samarium

0.14+0.04

0.21+0.03

0.05+0.03

0.13+0.02

0.50

0.53

0.65

0.21

0.25

60' Gold
Holmium

0.11+0.03
0.23+0.02

0.29 0.24

Lead
Tantalum
Samarium

0.84
0.85
0.91

115 Gold
Holmium

0.69+0.06
0.51+0.065

0.56
0.57

120' Gold
Holmium

0.40+0.06
0.90+0.07

0.59

'Nonrelativistic GFF calculations (see Sec. III A).
Relativistic calculations of Ref. 17 for gold.



1274 SAHARSHA M. LAD, G. BASAVARAJU, AND P. P. KANE 42

would not have been possible to estimate the bremsstrah-
lung correction. Contrary to previously made assump-
tions, the earlier results obtained with 279- and 320-keV

y rays are also subject to similar corrections. The
higher-energy experiments with 662- and 1112-keV y
rays, references to these experiments having been cited in
Ref. 2, are likely to be much less affected by this correc-
tion, since in these cases typical target thicknesses were
less than 0.02 of the corresponding electron ranges.

B. Cross-section ratio

The double-differential cross sections are integrated
from a selected low-energy threshold up to the kinematic
limit in order to obtain the single-differential cross sec-
tion, the ratio of which to the Klein-Nishina cross section
for two electrons gives the E-shell cross-section ratio.
The latter indicates the gross effect of electron binding on
the cross section.

Table II lists the cross-section ratios obtained in the
present and earlier studies as well as those calculated
theoretically. The relativistic calculation is not available
at 45', so the relativistic cross-section ratios at 30' and 60'
are shown in the table. From the trend of variation of
cross-section ratio with angle, the relativistic value of the
ratio for gold at 45' is expected to be at most 20% small-
er than the tabulated nonrelativistic value. At 45', the

experimental values of Ref. 6 are much larger than all the
other listed values, probably on account of inadequate at-
tention to bremsstrahlung corrections in this early work.
A similar remark also applies to the listed values in the
neighborhood of 115'.

The present experimental values are in reasonable
agreement with the nonrelativistic and the available rela-
tivistic calculations, the differences between the two cal-
culations being not larger than 20% at the photon energy
of about 0.6mc of this experiment. The experimental
value for holmium at 120' obtained by Spitale and Bloom
is surprisingly large. Note that their value for tin (not
tabulated) is smaller than that for holmium, revealing an
oscillatory variation with Z which is difficult to under-
stand. This oscillatory variation with Z is also present in
their data (not tabulated) at 136'. It is not clear whether
their large value for holmium is associated with their ob-
servation of the largest IRD effect with holmium.

It is hoped that results of more detailed relativistic cal-
culations and of experiments with extremely thin targets
will be available in the future and that the outstanding
deviations particularly in double-differential cross sec-
tions will then be understood. Further, attention is
drawn once again to the challenging problem of reliable
calculations of bremsstrahlung effects with relatively
thick targets usually employed in such studies.
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