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Theoretical estimates of the spectral distribution and total intensity of the bremsstrahlung (BS)
relative to the Compton yield have been determined for photoelectrons liberated in scattering
experiments on heavy metals with 60 keV radiation. Whereas the total-intensity calculations are
based on the approach of Alexandropoulos et al., the spectral distribution has been computed using
the Born approximation along with the Elwert and form factor corrections. These results are
compared with another calculation based on the approach of Lee et al. Typical results for Mo, Ta,
and W are presented. It is found that the relative contribution of BS from a W target is not trivially
small, although K-shell photo-ionisation is not possible at these energies.
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I. Introduction

There has been a revival of interest in the use of the
Compton scattering technique for investigating the
electronic structure of materials [1, 2]. The Compton
line shape, J(p,), is experimentally determined in such
studies and can be computed theoretically in a direct
manner by the double integration of the electron den-
sity in momentum space. The experimental determi-
nation of J(p,), however, is not straightforward. As
has been discussed by several authors [1, 2], the raw
spectrum of the radiation scattered by the target has
to be corrected for several factors, the most tedious
and difficult of these being the corrections for the
energy response of the spectrometer and multiple scat-
tering in the sample. During the last decade or so,
considerable progress has been made in handling
these corrections, and raw data with a precision of a
few tenths of a percent have been reported [3].

For heavy metals, it has been realised for over three
decades that bremsstrahlung (BS) can have a consider-
able influence on Compton scattering data [4]. A few
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years ago, Alexandropoulos et al. [5] re-examined the
effects of bremsstrahlung in the inelastic photon scat-
tering experiment. These authors calculated not only
the total BS intensity (Ig) but also the spectral distri-
bution using Kramer’s theory and have been able to
reproduce the own measurements on W up to 30 keV
closely. These authors further concluded that the BS
contribution relative to the Compton yield could ex-
ceed even 10%, if one used 60 keV gamma radiation
with targets having an atomic number larger than 40.
Recently we have undertaken a systematic study of
some 5d metals using 60 keV radiation [6, 7]. It was
therefore thought worthwhile to examine the effects of
BS carefully for the accurate determination of J(p,) in
these high-Z metals. Accordingly, we have calculated
the spectral distribution of BS using the first Born
approximation and then applied the necessary correc-
tions due to the Elwert factor and the form factor
(screening). We have also computed this spectrum us-
ing the approach of Lee et al. [8], and the two results
have been compared. The estimates of the BS contri-
bution in the region of the Compton profile have been
determined from these spectra for a number of metals
of the 4d and 5d series.

In Sect. IT we describe the method of calculation. In
Sect. I1I our results and their discussion are presented.
The conclusions are given in Section IV.
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I1. Method of Calculation

The formulae for calculating the intensity and spec-
tral distribution of BS by electrons are readily avail-
able [9], and hence we state here only the key relations
used in this work. The non-relativistic differential BS
cross-section for the emission of a photon with energy
w can be written as

%—(i)'i—l—%‘log [(l/?o‘*‘]/wTo—W)z]’ 1)
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where ¢ =Z2r2/137.04, ro = e?/(myc?), p = myc?, and
T, is the kinetic energy of the primary electron. As
pointed out in [9], this formula is valid only when
Ze?*/hv < 1 with v being the velocity of the electron.
Otherwise (1) must be multiplied by a factor (Elwert
factor) given as
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where £ and &, respectively are Z e?/hv and Z e*/hv,.

Further, a correction due to screening of nuclear
charge may become necessary [9] for low-energy
photons and high-Z materials (such as those involved
here). The unscreened differential cross-section for-
mula (1) may be corrected for screening effects by
including the multiplicative factor | F(q)|?, F(q) being
the form factor defined as [10]
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where I orydr=2, g=p,— p,— k and g(r) is the
charge density of the electron cloud.
The total BS cross-section is then defined as
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where Eg= T,+ myc>.

In the present case we cannot make use of these
relations directly, as electrons are liberated inside the
sample owing to both photoelectric and Compton
effects. Thus we have first to know the energies and
(relative) yields of electrons generated via these two
processes. This can, however, be determined from the
cross-section for the photoionisation of different shells,
Compton cross-section and incident photon flux. The
knowledge of the photon flux is not necessary if we are
only interested in relative intensities of BS and Comp-

ton scattered radiation, because then the photon flux
cancels. Further, at this low energy (60 keV), the con-
tribution of Compton electrons is almost negligible
[5], as also discussed later. We thus consider only the
BS from photoelectrons to determine Ig/I. In order
to obtain that ratio, we have used the following well
known relations [11]:

I§" =3 N(Wo) * Ope,i(Wo, Z) k-Z - (Wwo—Ey, ) (5)

and
I = N(wy) - 6c(Wg, Z) - We, (6)

where I is the total intensity of BS owing to photo-
electrons, I the total intensity of Compton radia-
tion, N (w,) the incident flux of photons with energy
w, and o, ; the photoelectric cross-section for a par-
ticular shell i with binding energy E, ; of the target
element with atomic number Z for the incident-photon
energy w,. The constant k ~1073 MeV ™1, o, is the
Compton cross-section and w. the (average) energy of
the Compton-scattered photons.

From these relations we calculate the ratio Iig2!/1%"!,
In order to determine the relative contribution of BS
in the region of the Compton profile (i.e. —7 p, to
+7p,) we have used (1) to (4). The spectral dis-
tributions of BS from individual electron shells have
been summed with proper weight for each value of w
through the photoelectric cross-section to yield the
total atom contribution. The area of BS in the region
of energies from 44 to 53 keV corresponding to —7 to
+7 py, relative to the total, is obtained from this. By
combining these two steps we have computed the rel-
ative BS intensity in the region of Compton profiles
(—7to +7 p,) for each case. In another approach, we
have repeated this procedure using the cross-section
values from the self-consistent screened calculation of
Lee et al. [8], which includes all the above corrections
and is expected to yield similar results.

I11. Results and Discussion

Using the procedure described in the last section,
we have calculated the relative BS contribution for
Mo, Ta and W. However, as a representative case we
present detailed results for W only. The photo-ionisa-
tion cross-sections for W were taken from Rakavy and
Ron [12]. As stated earlier, these values are modified
for the Elwert and the form factor corrections using (2)
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Fig. 1. Theoretical spectral distribution of bremsstrahlung
calculated for decelerating electrons liberated in a photo-
electric process resulting from 59.54 keV gamma-rays.

Table 1. Relative intensities of bremsstrahlung (BS) and
Compton scattered radiation.

Target Primary It ol I o mhpa g iotal
energy
Born After
approx.  corrections
Mo 59.54 keV 327-107%  0.00024 0.0005 !
Ta 59.54 keV 599-10"% 0.0014 0.0041 !
0.0054 2
W 59.54 keV 6.8 -107% 0.0016 0.0047 !
0.0069 2
0.0049 3

After Elwert correction.

After Elwert and form factor correction.

For screened field.

po =1 a.u. of momentum = 1.99289 - 10~ ?* kg m/s.

* W N o=
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and (3). The form factor values have been taken from
[10].

In Fig. 1 we plot the spectral distribution for differ-
ent combinations of corrections, viz. the Born-approxi-
mation without further correction (BA), Elwert cor-
rection to the Born approximation (EBA) and Elwert
and form factor (EBF). Also given here is the result
from the screened field (SF) values [8]. In the first two
cases we have taken the minimum value of w as
0.1 keV, since the cross-section becomes infinite at
zero photon energy. Figure 1 clearly depicts that these
BS spectra overlap with the Compton-profile region
(44 keV to 53 keV). Further, it can be seen from this
figure that the EBA correction increases the BS con-
tribution in the high-photon-energy range (i.e. from
20 keV to 59 keV). Furthermore, the correction owing
to the form factor produces an abrupt decrease in the
low-photon-energy region (15 keV), and hence the
value of the cross-section for 0.1 keV is nearly zero.
The SF values [8] give an almost flat contribution
from w=0 to w=44keV; after that it decreases
abruptly and becomes zero at the tip (w = T;). This
figure shows that the EBA, EBF and SF values are
nearly equal after 20 keV. The abrupt decrease around
44 keV arises owing to the fact that the L-electron
contribution vanishes beyond this region and only
outer electrons contribute to BS.

Since the BS intensity is proportional to the cross-
section, the ratio of the areas under the curve in the
energy region of the Compton profile and the total
curve will be equal to the ratio of bremsstrahlung
intensity given by Iz Po--*7Po/[i%2! This has been
determined from the above plot, and for the EBA and
EBF curves the intensity ratio comes out to be 0.069
and 0.102, respectively.

The intensity ratio Ii¢!/I%*! as calculated using (5)
and (6) turns out to be 0.068 for W. Therefore the
values for Igg'7o---*7Po/[2! are (0.0047 and 0.0069 for
EBA and EBF, respectively. For the screened-field
approximation this value comes out to 0.0049. These
results for W along with those for the other two
metals, viz. Mo and Ta, are summarised in Table 1.

Before we conclude this section, it is worthwhile to
point out that Alexandropoulos et al. [S] have mea-
sured the spectrum of radiation when a gamma ray
beam of 59.54 keV was incident on a thick target of W.
They have also calculated the BS spectrum using
Kramer’s formula for a thin target,

di

92 3
/..2

A
B(A)di=18-10"14 <pz~<, - 1> (7)
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where @ is the energy flux (keV/s) of the incident beam
of energy wo=hc/4,.

However, as is clear from Fig. 2 of [5], their theoret-
ical curve agrees only up to 30 keV with the experi-
mental curve. The present results are not very different
from these, although some differences do remain. Reli-
able values for the total bremsstrahlung contribution
and photoionisation cross-section are therefore essen-
tial before any quantitative correction for BS can be
made in Compton scattering experiments.

As far as Compton recoil electrons are regarded, the
BS produced by the Compton electrons is limited to
energies below 11 keV in the present case, because the
maximum energy transferred is about 11 keV and its
total contribution is much smaller than that produced
by photoelectrons. Further, in the range —7 p, to
+7 po,i.e.44—53 keV, the contribution to BS by these
electrons will be almost nil. However, if high-energy
radiation is used then this contribution might also
become important enough to be included in the calcu-
lations.
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