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Spectral distributions of bremsstrahlung produced by *“T1 B particles in thick targets of Perspex,
aluminum, copper, tin, and lead have been measured in a sandwich geometry. The contributions .of internal
bremsstrahlung produced along with the 8 particles have been determined by magnetic field deflection as
well as the Z = O extrapolation method. Experimental results agree with Bethe-Heitler Born-approximation
theory, corrected for Coulomb-field effects for low- and medium-Z targets, but show 25% positive deviation
for high-Z targets. Again it is found that the bremsstrahlung produced in low-Z targets like Perspex is
comparable with internal bremsstrahlung, and the corrections for its contribution to measurements by

earlier workers can lead to large uncertainties.

I. INTRODUCTION

Interaction of continuous and monoenergetic
electrons with matter is always accompanied by
a weak electromagnetic radiation called external
bremsstrahlung (EB). It is to be distinguished
from the internal bremsstrahlung (IB), which is
present in all 8 emitters and arises from the
interaction of outgoing B particles with the Cou-
lomb field of the daughter nucleus. Apart from
the experimental studies of EB excited by mono-
energetic electrons in thin targets, the produc-
tion of EB in thick targets using soft (®S) and
hard (**P) B rays has been investigated by a num-
ber of workers.!™® But there are no reliable
measurements in the intermediate-B8 end-point
energy region between 0.5 and 1.0 MeV. A sur-
vey of the literature on EB measurements shows
that investigation of this energy region for this
process will be an important contribution to
Born-approximation theory.

20471 is a B emitter with an end-point energy of
763.47 keV. The only reported study of EB with
this emitter is by Sarma ef al.,” who measured
the EB spectra with thick targets of various ele-
ments and compared their results with the Bethe-
Heitler-Elwert theory. In their measurements
of EB they have subtracted the contributions of
IB by using Perspex absorbers, thus assuming
that EB in Perspex is negligibly small. However,
it is found that EB in Perspex is of the same order
as the IB itself. Therefore these studies involve
large errors. Again there appear some basic
errors in the calculations of EB from 2*T1 and
°1Y by these workers as the values of EB from
%y, with a 8 end-point energy of 1.5 MeV, are
lower for all elements than the corresponding
values for 2®T1 with B end-point energy of
763.47 keV. In fact the EB intensity should in-
crease as the square of energy.

We have taken into account the contribution of

IB to EB measurements by first accurately mea-
suring the IB part only using the magnetic-field-
deflection method when the EB component is elim-
inated. These results agree with the values of IB
obtained by extrapolating to Z =0 the measured
values of IB plus EB without magnetic field. This
allows unambiguous determination of EB com-
ponents. Details of experimental measurements,
theoretical calculations, and their comparison
are given below.

II. EXPERIMENTAL DETAILS

A carrier free source of 2°“Tl supplied as thal-
lous sulfate in an aqueous solution of specific ac-
tivity 200 mCig ! by Bhabha Atomic Research
Centre (BARC) Bombay, was prepared on a thin
polythene film of 1.47 mg cm™2 thickness sup-
ported on a Perspex ring of an inner diameter of
5.1 cm. The source material was spread uni-
formly on a circular area 5 mm in diameter with
a plain insulin solution. The source strength was
determined to be 53.5+4.0 uCi.

Figure 1 gives the details of the experimental
arrangement. A Geiger-Miuller (G.M.) tube
shielded with Mumetal cylinder was placed at a
distance of 20 cm from the source and at right
angles to the poles of an electromagnet to de-
termine the current sufficient to deflect the most
energetic of the B particles. The current in the
electromagnet was increased and a plot of current
vs B count rate was obtained. The value of the
current for which the 8 count rate merged with
the background count rate was determined. This
ensured deflection of all the B particles emitted
by the source. The G.M. tube was then replaced
by a Y-counting assembly which consisted of a
7D8 Nal (T1) detector of 1.75-in. diameter and
2-in. thickness supplied by the Harshaw Company
and coupled to a 6292 Dumount photomultiplier
and shielded with Mumetal cylinder. The photo-
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multiplier assembly was further enclosed in a
close iron cylinder with an opening of 5-cm dia-
meter through which the detector could be seen.
The pole pieces of the electromagnet were covered
with a Perspex sheet of appropriate thickness to
avoid production of EB from iron. A 4-cm thick-
ness of lead lined on the inside with an aluminum
sheet provided further shielding for the detector,
which was also protected from x rays originating
in the lead collimator by placing a brass disc

in such a manner that the scattering of photons
was reduced to a minimum. The detector was
coupled to an ND 1100 series multichannel ana-
lyzer system for recording the data. A thorough
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FIG. 1. Experimental apparatus for measurement of
IB and EB. 1: B source of 2MT] on polythene film; 2:
targets (B absorbers); 3: Perspex holder; 4: Perspex
stand; 5, 6: electromagnet with pole pieces covered
with Perspex; 7: Perspex annular disc; 8: lead colli-
mator lined with aluminum on the inside; 9: brass an-
nular plate to absorb lead x rays; 10: Nal (T1) crystal
coupled to photomultiplier; 11: black adhesive tape;
12: Mumetal shielding for photomultiplier tube; 13:
photomultiplier; 14: iron cylinder; 15:- cathode follower;
16: adjustable support; 17: 4.0-cm-thick lead shield-
ing, inside surface being lined with aluminum.
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analysis and comparison of *3'Cs y-ray spectra
with and without the magnetic field revealed that
there was no distortion arising from the applica-
tion of the magnetic field.

Targets of lead (308), tin (344.3), copper (366.1),
aluminum (318), and Perspex (318.6 mgcm™)
were prepared so as to stop all the B particles
emitted by the source. In a fypical measurement
the source was sandwiched between two lead tar-
gets and placed at distance of 20 cm from the de-
tector along its vertical axis in a Perspex holder
of 1-cm thickness and a cut-in cone of sufficient
aperture to allow the free passage of EB (and IB)
photons originating from the sandwich system.
The (IB plus EB) spectra were recorded for suf-
ficiently long intervals of time to obtain good
counting statistics (2% at 600 keV for lead). A
large number of data runs were taken in a syste-
matic manner to eliminate the effects of elec-
tronic drifts, and the average distribution of IB
plus EB photons was obtained as shown in Fig. 2.
Losses due to the finite dead time of the counting
system were corrected automatically by the dead-
time compensation mechanism of the multichan-
nel analyzer.

In order to record the IB accompanying the 8
rays from the source, the targets were removed
and magnetic field applied. The data for IB photon
distribution along with the background were col-
lected to a good statistical accuracy and are pre-
sented in Fig. 2 along with the room background,
which was recorded separately. The EB photon
distribution for a given target was obtained by
subtracting the IB photon distribution from the
1B plus EB photon distribution corrected for
target self-absorption. Figure 3 shows the dis-
tribution of EB photons for targets of lead, tin,
copper, aluminum, and Perspex. These distribu-
tions were checked by extrapolating the corrected
IB plus EB distributions to Z =0 values from
graphs of IB plus EB vs Z for different values of
photon energy. The extrapolated values agreed
exceedingly well with the magnetic field values,

thus providing a direct check of the experimental
procedure adopted here.

IIl. CORRECTION TO EB DISTRIBUTION

We reduced spectral distributions of EB pho-
tons for various targets to a common window
width interval of 10 keV before applying further
corrections. In order to convert the spectra re-
corded by the crystal into those produced in the
targets, the spectra of standard v emitters 5"Co,
141Ce, 2%Hg, 5'Cr, *'Cs, and **Mn were recorded
in the same geometrical setup. These spectra
were then employed to determine energy resolu-
tion and photofraction and then backscattered to
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full energy peak ratios. The EB pulse-height dis-
tributions were corrected first for the energy re-
solution and then the iodine escape peak of the
detector system by the procedure used by the
authors in their earlier work.»® The combined
correction factor due to resolution and the iodine
escape peak for EB distribution was found to be
significant only at energies below 100 keV; it
was 9% at 100 keV and 2% at 350 keV for a lead
target and somewhat lower for other targets.
Experimentally measured ratios of backscattered
to full energy peaks were plotted as a function of
energy and used in evaluating the intensities of
backscattered peaks for the various targets. In
all cases, this contribution was found to be less
than 4% and was limited to the energy range
100-200 keV. The EB photon distribution was
also corrected for the Compton continuum pre-
sent in the low-energy region, owing to the
higher-energy photons. Spectral data of mono-
energetic ¥ emitters were employed to work out
this correction by using a straight-line approxi-
mation for Compton continuum distribution. For
the lead target this correction was less than 1%
at 100 keV and 0.4% at 400 keV, while for other
targets the values were still smaller. The various
corrections are shown in Fig. 3 for the lead tar-
get. The true EB spectra were obtained from the
corrected spectral distributions after taking into
account the geometrical and intrinsic efficiencies
from the data tabulated by Crouthamel® for this

detector, and converted into photons per unit
energy interval (mc”) per B disintegration by di-
viding the distribution by the window width (mc?
units) and the B strength of the source. These

EB photon spectra are shown in Fig. 4 for various
targets.

IV. ERRORS

The present measurements of EB spectra in-
volved errors which arose mainly from factors
determining the response function of the detector.
These factors included intrinsic and geometrical
detection efficiencies, photofractions, and energy
resolution of the detector. Uncertainties in
tabulated efficiency are 2-3%, while the experi-
mentally measured photofractions were uncer-
tain by 4% in the entire energy range covered in
the present work. This gave an overall error of
5% in the photopeak detection efficiency of the
crystal. Errors involved in the corrections for
backscattered peak intensities, energy resolution,
iodine escape peak, and Compton continuum con-
tribution were negligible as these corrections by
themselves were very small, as discussed in
Section III. Errors involved in correction for
self-absorption in targets depend on uncertainties
in attenuation coefficients for ¥ rays. These are
known with an accuracy of 1%.'° Frequent checks
of electronic assembly revealed drifts in energy
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FIG. 3. EB distributions
for targets of lead (curve
1), tin (curve 2), copper
(curve 3), aluminum (curve
4), and Perspex (curve 5)
and corrections for lead EB
spectrum. Curve (a) Comp-
ton continuum contribution,
(b) backscattering peak con-
tribution, and (c) correc-
tion factor for iodine K-x-
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calibration within 1%. Uncertainties due to statis-
tics in recording the data were less than 2% at
the highest energy studied for each target. When
the various errors were taken into account, the
total uncertainty in the measurements was 6%,
which was the rms value of the various errors in-
volved. However, this did not include the 8% un-
certainty in the measurement of B activity of the
source, since the latter affected the EB photon
yield and not the photon spectral distribution.

As a result, the EB photon spectral distribution
for lead was normalized with theory at 150 keV

to avoid error due to uncertainty in the B activity
of the source, and the other distributions were
compared with theory after division by the same
factor as that for lead.
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V. THEORY

Bethe and Heitler investigated theoretically
the process for the production of external brem-
sstrahlung which arises from the interaction of
the fast-moving electrons with the Coulomb fields
of the target nuclei.!’ This theory was developed
in the Born approximation independently by Bethe
and Heitler, Sauter, and Racah. They calculated
the cross section o (W,, k) for the production of
EB photon of energy between 2 and % plus dk, in-
tegrated over all photon directions by an electron
of total energy W, (including rest-mass energy
myc?) when it interacts with the Coulomb field ot
target nucleus of atomic number Z and atomic
weight A, The expression for the cross section o
(W, %) is given below:

_Z%: dr p J4 PE+p? €W €W €€
o0, 1) - - P S
L[gugw REWIW? +p3p®) (vlfeW+p;E W W +p? zkugw)]
3 p.p + 1’3}’3 2.0 p:ea e = X pezpz 1( » 1)
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FIG. 4. Experimental EB spectral distributions for
the complete absorption of U7 B particles in targets of
lead, tin, copper, aluminum, and Perspex compared
with Bethe-Heitler (Elwert) theory. Errors are the rms
values of uncertainties shown at various points for
orientation.

where
W +p W+p
= = —_—
ee-ln—-ﬁ———e-%_pe, € mW_p’
w _ 2
L=2In 9W+£ep 1 , y°=mecz =2.818 X103 cm;

0o

W,, b, and W,p are the initial and final values of
electron energy and momentum in units of 7 ,c?
and m ,c, respectively, and % is the photon energy
in myc?® units.

Several correction factors have been suggested
to modify the Bethe-Heitler theory to make it
more realistic and accurate. Koch and Motz'?
have reviewed the various attempts in this direc-
tion. Elwert and Guth have given a correction
factor to take into account the effects of Coulomb
field towards the low-energy end of the spectrum.
This correction factor is known as Elwert factor
J and is a function of target atomic number Z,
initial and final values of electron energy and mo-
mentum before and after the emission of photon.
It is given as

s W/p)[1 - exp(=21ZaW,/p,)]
E- W /p N1 - exp(-21ZaW/p)] ’
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FIG. 5. Shape-factor plots of experiment/theory for

EB from various targets. Errors are the rms values
of uncertainties shown at various points for orientation.

where a is a fine-structure constant.

When an electron of energy W, is completely ab-
sorbed in a target with N atoms per unit volume,
the number of EB photons of energy k produced is
given by n (W,,k) such that

¥e No(W,k)f5

n#,0= [ s @)

—dW/dx is the energy loss per unit path length of
the target and is given by Knop and Paul.'®

In the case of B emitter with end-point energy
W, the bremsstrahlung spectrum is given as
S(k), the number of photons of energy % per unit
energy interval per 8 disintegration:

W,
L5 P (W (W, R)AW,

[P (W,)aw,

Sk)= ; @)



P(W,)dW, is the B spectrum of the isotope under
study. Values of o(W,, k), -dW/dx, and fg were
evaluated with the help of a computer for various
target materials and S (¢) was evaluated by num-
erical integration by using the experimental
spectrum for 2*TI given by Yuasa et al.** [which
agrees closely with the 8 spectrum obtained from
the later (1967) data of Park and Christmas'®].

It may be mentioned that these distributions ig-
nore the contribution of electron-electron brems-
strahlung and also the effect of the screening of
atomic electrons on the nuclear Coulomb field.

VI. RESULTS AND DISCUSSION

20471 is a unique first-forbidden 8 emitter
(aJ =2, yes), with a half-life of 3.79 yr and
maximum B energy'® of 763.47 keV. There also
exists a weak electron-capture branch (2.1%) in
it. The presence of K x rays of 2*Hg (80 keV)
contributes to uncertainties in EB measurements
below 100 keV with the result that experimental
results can be compared with theory above 100
keV only. Figures 4 and 5 compare EB distribu-
tions from various targets with Bethe-Heitler-
Elwert theory. The errors shown at various
points include the statistical uncertainties which
increase with the energy, being the difference of
two equally important quantities, viz., IB plus EB
and IB. The measurements with lead targets ex-
tend up to 550 keV and the experimental value is
consistently higher than the Bethe-Heitler theory
(matched at 150 keV with experiment). Devia-
tions vary from 12% at 200 keV to 25% at 475 keV.
In the case of other targets the agreement be-
tween experiment and theory is much better. In
tin it is within 10% in the entire energy region
100-525 keV, while in copper it is within 5% from
100 to 500 keV, in aluminum it is within 7% from
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100 to 475 keV except that there is a weak hump
of +25% at 450 keV. In the case of Perspex with
an effective atomic number of 5.85, the experi-
mental results are somewhat lower than the
theoretical values (—-20% at 275 keV).

Direct comparison of present measurements
with those of Sarma et ql.” is not possible be-
cause they have presented their results in terms
of photons per MeV per 8 disintegration per tin
atom for all targets. As mentioned above in
Section I, it appears that there is some error in
their calculation of EB from *%“T1 and *'Y because
the EB in the latter is lower than in the former,
although the end-point energy of °!Y is higher than
that of 2“T1 by a factor of 2.

The present investigations of EB from Perspex,
however, reveal that it is of the same order of
magnitude as the IB from *'T1 8 emitter. The
ratio of EB in Perspex to IB varies from 57% at
100 keV to 36% at 275 keV. Thus the assumption
that EB from Perspex, or for that matter from
other low-Z targets, can be neglected (or correc-
ted for approximately) in the measurements of IB
(or EB from other elements) is not correct and is
bound to lead to appreciable errors. The present
measurements show that there is a reasonably
good agreement between experiment and the El-
wert corrected Bethe-Heitler theory for EB for
low- and medium-Z targets, but there are positive
deviations of experiment from theory for high-Z
elements like lead (Z =82), for which the values
are found to increase with photon energy. The
reason for this may be ascribed partly to screen-
ing of nuclear charge, which is not taken into ac-
count in the calculations. This behavior of the ex-
perimental results for **T1 with EP* of 763.47
keV is similar to that of soft-g emitter S with
ER® of 167 keV and hard-8 emitter like 2P with
Eg* of 1710 keV, and it points to the inadequacy
of theory for the process of EB production.
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