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Accurate determination of Compton backscattering in germanium at 86.5 keV
on an absolute scale
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The double-differential cross sectiond2s/dV dE for Compton backscattering in germanium was measured
at the photon energy of 86.5 keV. The experimental setup with two high-purity germanium detectors operating
in the coincidence mode was applied. A multiline radioactive source of63

155Eu was used as the source of
photons. The Compton spectrum with a very small background was obtained. A fast cascade was found to little
influence the data due to the 86.5 keV crossover transition. The contribution of a group of processes, which is
described as double cross talk between the two detectors, was also studied and results of calculations show
their weak intensity. The calculations of other processes were made as in our earlier papers. The values of
d2s/dVdE were determined to an accuracy of better than 4% on an absolute scale in a broad energy region.
The calculated values using the impulse approximation with hydrogenlike wave functions do not reproduce
well the cross sections in some energy regions.

PACS number~s!: 32.80.Cy, 32.30.Rj
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I. INTRODUCTION

The investigation of Compton scattering on bound el
trons still raises much interest@1#. Accurate experimenta
determination of double-differential cross sectio
d2s/dV dE, is an excellent source of data for the study
atomic structure@2#. One of the techniques for measuring t
Compton-scattering spectrum, recently introduced by
present authors@3–5#, is based on the application of tw
germanium detectors that operate in the coincidence m
In that type of measurement, a photon of incident energyE0

is scattered in the target detector and a scattered photo
absorbed in another~second! detector. Coincidence detectio
of the total recoil-electron energy (E1) and the total energy
of the Compton-scattered photon (E2) is observed. Such
events are seen in the, ‘‘events line’’E11E25E0 in the
E1-E2 two-dimensional spectrum. The analysis of data alo
this line yields a clean spectrum in a relatively much wid
energy range than that obtained in a singles-mode meas
ment @6,7#. The obtained spectrum is corrected for oth
~single! cross-talk ~detector-to-detector! processes, which
also cause the splitting of energy of incident photons am
the detectors. Since these corrections are the most impo
ones, but on the other hand, weak compared to the si
Compton scattering, one is led to the conclusion that
coincidence method can give very reliable Compton spe
on absolute scale.

The accurate experimental determination of the Comp
double-differential cross sectiond2s/dV dE is our main
goal in the present work. For this purpose, it is necessar
investigate other cross-talk processes, which have not b
studied previously, but also contribute to the events li
There is a group of such processes, which can be descr
as double cross talk between the two detectors. In these
1050-2947/2000/61~3!/032722~6!/$15.00 61 0327
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cesses, an incident photon is scattered one or more time
the target detector, a scattered photon escapes it, and re
the second detector where it is also scattered one or m
times, and finally a scattered photon escapes the second
tector and is absorbed in the target detector.

An important advantage of the coincidence measurem
of the Compton spectrum over the measurement in
singles mode is the possibility of using of multiline photo
sources. For the observation of scattering at the energyE0,
there are no contributions from photons of lower energi
while the contributions of incident photons of higher ener
are minor. In addition, a multiline source with several prom
nent lines of similar intensity is suitable for a simultaneo
measurement of Compton spectra at these energies. Tha
demonstrated in our first experiment@3#, where a source of x
rays was used. In the present experiment, a complex ra
active multiline g source of 63

155Eu decaying to64
155Gd was

used. In the decay, the 86.54 keV state decays either b
direct transition to the ground state, or by the 26.53–60
keV cascade. The two cascade-transition photons are s
tered in the target detector independently of each other
could reach the second detector. Since these cascade
much faster than the response time of the detectors and
coincidence setup, the summation of pulses takes plac
each single detector resulting in a coincidence spectrum
the events lineE11E25E0. The energy profile of that spec
trum is also examined.

The experimental setup

Two high-purity germanium detectors in head-on geo
etry were applied in the experiment~Fig. 1!. The active vol-
ume of the detectors is of a cylidrical shape of nominal s
of 200 mm2313 mm thick. The energy resolution of the d
tectors was about 360 eV at 59.4 keV. The radioactive63

155Eu
©2000 The American Physical Society22-1
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S. PAŠIĆ AND K. ILAKOVAC PHYSICAL REVIEW A 61 032722
was used as the source of photons, giving a complex m
line spectrum shown in Fig. 2. The most intensive line, of
energy of 86.54 keV, was used in the investigation. A ti
source, obtained by the evaporation of155EuCl2 solution,
was mounted on the source shield made of pure gold.
source shield was placed between the two detectors, and
used to expose essentially only the target detector to pho
emitted by the source. A satisfactory asymmetry ratio of
defined as the ratio of numbers of incident photons wh
reached the target detector and the second detector,
achieved in the experiment for 86.54 keV photons. Four l
plates were placed between the detectors to reduce dete
of photons scattered by the lead plates and other mate

FIG. 1. A part of the experimental setup for the coinciden
measurement of the Compton spectrum.

FIG. 2. The spectrum of63
155Eu measured in the target detecto

The Compton spectrum was determined for the 86.54-keVg rays.
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surrounding the detectors. The average angle between
directions of the incident and detected scattered photons
aboutqp'174°. The average value of the solid angle of t
second detector for photons scattered in the target dete
was DV1'0.1 sr, and for the reverse processesDV2
'0.095 sr.

The same fast-slow coincidence system with a thr
parameter 12835123512 channel pulse-height analyzer w
used as in the two previous experiments@3,4#. A triad of
channel numbersk0 ,k1 ,k2 was recorded for each coinc
dence event, wherek0 is the time difference of the pulses,k1
the amplitude of pulse from the target detector, andk2 the
amplitude of pulse from the second detector. The coin
dence unit was set to 200 ns. The full width and half ma
mum time resolution was about 20 ns.

II. PROCESSING OF DATA AND RESULTS

The pulse-height spectrum of events in theE11E25E0
line, without any subtractions, versus energy deposited in
second detector is shown in Fig. 3. To obtain the sing
Compton-scattering data, all other processes which con
ute to the events line must be calculated and subtracted.
calculations are very laborious because for each scatte
process~Compton, Rayleigh, and photoelectric effect!, each
electron subshell has been separately taken into account.
results for various combinations of subshells and proces
were summed to obtain the calculated results shown in
3. The calculations were performed on absolute scale, ex
for the peaks due to the escape of characteristic GeK x rays,
from which the productN0DV1 was determined (N0 is the
number of photons of incident energy which reached
target detector during the experiment!. In the calculations,
the impulse approximation with hydrogenlike wave fun
tions @8,9# was used for the Compton-scattering different
cross section, the theory of Heitler@10–12# was used for
bremsstrahlung of secondary photoelectrons, and tabul
values for the modified relativistic form factor@13,14# were
used for the elastic differential cross section. All proces
were classified into single- and double-cross-talk process

A. Single-cross-talk processes

Here, we review the single-cross-talk~detector-to-detector
scattering! processes following our Refs.@3–5#, where they
are explained in more detail. These types of processes
described as single- and double-scattering single-cross
processes.

The number of events per channel due to the single s
tering, in which energyE is deposited in the second detecto
is given by the following expression:

n~E0 ,E!5N0

d2s/dV dE

m~E0!1m~E!/cos~qp!
DD, ~1!

whereE0 is the incident-photon energy,d2s/dV dE is the
differential cross section, andm(E0) and m(E) are the at-
tenuation coefficients in germanium@15,16# for the incident
energy and energyE of the scattered photon.DD
5ece2e(E)NGeA2exp@2mair(E)d#DV1, where ec50.98 is
2-2
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the efficiency of the coincidence,e250.95 is the estimated
efficiency~not including the escape of characteristic GeK x
rays! of the second detector,e(E) gives the efficiency of the
second detector involving only the escape of character
Ge K x rays, NGe is atomic density in germanium,A2
50.205 keV/channel is the channel width,mair is the attenu-
ation coefficient in air, andd is an average path length o
scattered photons in air.

The single Compton scattering, the most interesting p
cess at present, predominantly produces photons in
middle- and high-energy range in the events line. The cr
talk via photoelectron bremsstrahlung radiation in the tar
detector dominates at low energies. In Compton-scatte
coincidence measurements, the bremsstrahlung must be
culated in order to estimate the low-energy end of the Com
ton spectrum. The escape of characteristic GeKa andKb x
rays following the photoabsorbtion of the incident photon

FIG. 3. The pulse-height distribution in the event lineE11E2

5E0 and calculated contributions of processes: single cross
~SC—single Compton scattering in the target detector; BS
bremsstrahlung of photoelectrons ejected by incident radiation
Ka and GeKb—peaks due to characteristicK x rays of germa-
nium, RS—reverse scattering; CC, RC, and CR—Compt
Compton, Rayleigh-Compton, and Compton-Rayleigh double s
tering!; DCT—double-cross-talk processes; Cascade—a small p
due to absorbtion of 26.53 keV photons in the target detector an
60.01 keV photons~after passing source shield! in the second de-
tector; Cascade CT—both cascade photons enter the target de
and secondary photons from either one or both photons are
sorbed in the second detector.
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also a single-scattering process. It is suitable for the dete
nation of the absolute scale. The ‘‘reverse’’ single scatter
has been also included in which considered photons p
through the source shield or are elastically scattered in
surrounding materials and first enter the second detecto
be scattered into the target detector, where they are abso
The numbers of counts for reverse scattering are also ca
lated by Eq.~1!, but the result obtained is interpreted as t
number of counts at energyE02E.

The double scattering in single-cross-talk processes
low-intensity scattering processes. They contribute to
event line in the same energy region as the single Comp
scattering. In Ref.@4#, we proved the approximate propo
tionality of the double- and the single-backscattering Com
ton spectrum. Rayleigh-Compton and Compton-Rayle
double scattering produce relatively more high-energy p
tons. The general expression for the number of events
channel produced by double scattering, in which energyE is
deposited in the second detector@17,18#, is given by

nD~E0,E!52N0DD(
i

(
j
E

E2Bi

E02Bj
dE1E

0

p

dw8

3S E
0

1

SF1dx11E
21

0

SF2dx1D , ~2!

where

S5
d2s i~E0 ,E1 ,x1!

dV18dE1

d2s j~E1 ,E,x2!

dV28dE
,

F15
1

m~E0!2m~E!/xp

1

m~E1!2m~E!x1 /xp
,

and

F25S 1

m~E0!2m~E!/xp
2

1

m~E0!2m~E1!/x1
D

3
1

m~E1!2m~E!x1 /xp
,

x25A12xp
2A12x1

2cosw81xpx1 .

s i and s j are the cross sections for Compton or Raylei
scattering by electrons in the subshellsi and j in germanium
atoms (1s,2s,2p, . . . ) of the target detector, respectively
E1 and E are energies after the first and second scatter
respectively,x15cosq18 , x25cosq28, andxp5cosqp , where
q18 andq28 are angles of the first and second scattering,
spectively.Bi is the binding energy of shelli.

In deriving Eq.~2!, normal incidence, infinite thickness
and infinite radius of the cylinder of the detector active v
ume were assumed. These approximations are well satis
since@1/m(E0)!D, whereD is the thickness of the targe
andmRf>4, whereRf is the radius of the target@19##. The
polarization effects, which occur in multiple scattering@20#,
were not taken into account.
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B. Double-cross-talk processes

There are many scattering modes involved in the dou
cross talk among the two detectors. Each of the mentio
single- or double-scattering processes in one detector ca
combined with the same or other scattering processes in
other detector. An exception is a combination of escape
GeK x rays from both detectors. Since we expect a very l
intensity rate of all double-cross-talk processes, only
combinations of single-scattering processes are consid
y

in
rin
bl
e
at
m
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~Compton scattering, bremsstrahlung, and the escape o
Ge characteristic x ray!, including a combination of elastic
scattering of incident photons in the target detector w
other single-scattering processes in the second detector.

We consider the single scattering processes of incid
photons in the target detector in whichn2(E1)dE1 photons
are produced, which enter the second detector, where
are also singly scattered. The number of produced tert
photons of energyE2 per unit energy interval, which reac
the target detector and are absorbed therein, is
in the
e target

the
e

etector,

he
dn1~E2!5n2~E1!dE1NGe

(
j

d2s j~E1 ,E2 ,cosqp!

dV dE2

m~E1!1m~E2!/cosqp
exp@2mair~E2!d#DV2«c«1«~E2!, ~3!

where

n2~E1!5N0NGe

(
i

d2s i~E0 ,E1 ,cosqp!

dVdE1

m~E0!1m~E1!/cosqp
exp@2mair~E1!d#DV1 .

In these relationss i and s j are the cross sections for bremsstrahlung and single Compton scattering by electrons
subshellsi and j in germanium atoms of the target and second detector, respectively. The energy deposited in th
detector isED15E02E11E2 while the energy deposited in the second detector isED25E12E2.

The expression in Eq.~3! is essentially the application of Eq.~1! to double cross talk among the two detectors. Because
number of ~coincident! counts per channelN(ED2), which deposited energyED2 in the second detector, is required, th
substitutionE25E12ED2 must be done as well as summation over all combinations of energiesE1 andE2 which give the
same value ofED2. Therefore, the following transformation of Eq.~3! gives the required number of counts:

N~ED2!5E
ED2

E02Bi
n2~E1!dE1NGe

(
j

d2s j~E1 ,E12ED2 ,cosqp!

dV dE1

m~E1!1m~E12ED2!/cosqp
exp@2mair~E12ED2!d#DV2«c«1«~E12ED2!. ~4!

Integration of Eq.~4! must be performed using the following conditions for values ofED2 : ED2.Etr2 , ED2>Bj , ED2,E0
2Etr1, whereEtr1 and Etr2 are the energies corresponding to the discriminator thresholds of the first and second d
respectively.

Only bremsstrahlung or Compton photons of energyED21EKa,b emitted from the target detector, which induced t
escape of the characteristic GeK x rays in the second detector, can contribute to the events line at energyED2. Thus, it is
necessary to modify Eq.~4! for the calculation of these events

N~ED2!5n2~ED21EKa,b!NGe

dsKa,b~ED21EKa,b ,cosqp!

dV

m~ED21EKa,b!1m~EKa,b!/cosqp
exp@2mair~EKa,b!d#DV2«c«1«~EKa,b!,
o-
d
this

at-
all.
two

be
other
whereEKa,b is the energy of GeKa and Kb x rays, and
sKa,b(E,cosqp) is the cross section for their production b
photons of energyE, which enter germanium at the angleqp
with respect to the normal of its surface.

A combination of elastic scattering of incident photons
the active volume of the target detector and single scatte
in the second detector makes a new subgroup of dou
cross-talk processes. These processes show the same b
ior as the reverse single scattering. They are also calcul
by Eq. ~1! and the result obtained is interpreted as the nu
g
e-
hav-
ed
-

ber of counts at energyE02E.
The results of calculations of all double-cross-talk pr

cesses~Fig. 3! show their very low intensity rates compare
to the single-cross-talk processes. It should be noted that
ratio is proportional to the solid angleDV2. However, in a
Compton experiment in which a good definition of the sc
tering angle is desired, the solid angle is always sm
Therefore, in Compton scattering measurements using
Ge detectors, the double cross talk between them can
neglected. The same conclusion can be expressed in an
2-4
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way @21#: the component of the response function of t
second detector due to the escape of secondary radiation
a minor contribution to the Compton-scattering data.

C. Background due to the cascade transition

63
155Eu decays byb2 decay to the 5/21, 3/2 states of

64
155Gd with a branching ratio of 26%. The states decay to
ground state by emission ofg photons of 86.54 keV or by
cascade of emissions via the intermediate 5/22 state in which
photons of 26.53 keV and 60.01 keV are emitted. We exa
ined the coincidence counts for events in which both phot
enter the target detector and secondary radiation due to
scattering of one, of the other, or of both photons is absor
in the second detector.

We consider a cascade in which emission of a photon
energyE01 is followed by emission of a photon of energ
E02 with the probabilityWEmis.(E02). The number of coinci-
dences per channel due to two cascade photons, which
tered the target detector, recorded in the events lineE1
1E25E0, in which the second detector registered ene
ES5E018 1E028 , is given by

NCascade CT~ES!5N01A2E W~E01,E18!WEmis.~E02!

3W~E02,E28!dE18 , ~5!

whereN01 is the number of photons of energyE01 emitted
during the experiment, andE018 and E028 are the energies o
the scattered first (E01) and second (E02) incident photon
after their scattering.W(E0i ,Ei8) is the probability per unit
energy interval and per emitted incident cascade photo
energyE0i , for total absorption, given by

W~E0i ,Ei8!5ece2e~E0i !d~Ei8!

or for single scattering, given by

W~E0i ,Ei8!5

(
j

d2s j /dV dE

m~E0!1m~E!/cos~qp!

DD

A2
.

Equation ~5! with the numerical values E01
526.53 keV,E02560.01 keV,N0150.01N0, and
WEmis.(E02)51.0331022 gives the spectrum
NCascade CT(ES) shown in Fig. 3. The very low contribution
of the cascade transition is essentially caused by the r
tively low branching ratio of the cascade.

The only visible contribution of the cascade transition
the experimental data is the peak~denoted Cascade in Fig. 3!
due to the coincidence absorption of the first cascade ph
(E01) in the target detector and the second cascade ph
(E02) in the second detector. This peak could be elimina
by a more efficient source shield.

D. The differential cross sections

The pulse-height distributionnexp in the events lineE1
1E25E0 has been corrected for nonsingle Compton scat
03272
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ing in the target detectors, and the obtained spectrum
subsequently been converted into the values of experime
cross sections~Fig. 4! using the following relation:

S d2s

dV dED
expt

5
nexpt@m~E0!1m~E!/cos~qp!#

N0DD
.

The obtained experimental Compton spectrum is in
energy range from 33 keV to 82 keV, which is 58% of th
complete energy range. The low-energy end is limited by
bremsstrahlung of photoelectrons, while the upper end
limited by the threshold of the discriminator of the targ
detector. The range of values of the differential cross sec
is about 63103. The uncertainties of the data shown in Fi
4 are statistical only. The uncertainty of the absolute scal
about 4% and the main reason for it is the not quite prec
knowledge of efficiency of the Ge detectors. The results
theoretical calculation of the cross section based on the
pulse approximation using the hydrogenlike wave functio
are also shown in Fig. 4. The theoretical curve obtained
convoluted with the function of the detector resolution, re
resented by the Gaussian function. Fair agreement betw
the theoretical and experimental cross section values is
tained. The disagreement appears in the same energy re
as in the last two experiments@3,4#, but it is more pro-
nounced. That is due to the higher energy of incident p

FIG. 4. The experimental values of the differential cross sect
d2s/dV dE for Compton scattering in germanium and the theor
ical values calculated using the impulse approximation with
hydrogenlike wave functions.
2-5
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TABLE I. Total Compton cross sections from each subshell and their sum calculated using the im
approximation with hydrogenlike functions.

Subshell 1s 2s 2p 3s 3p 3d 4s 4p Sum

dsi

dV F10230
m2

sr G 6.38 8.93 27.31 9.17 27.62 46.05 9.21 9.21 143.8
t
-

e
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e
al
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a
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en
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tons. The main reason for the disagreement arises from
application of the hydrogenlike wave functions in the im
pulse approximation.

The values ofds i /dV at 174°, calculated in the impuls
approximation for each subshell in the energy range 33
keV ~for 1s shell to 75.44 keV to take into account th
binding energy!, are shown in Table I. These values are
most equal to the integrals over the whole energy regi
because the differential cross sections outside the region
very small. The sum of the values is also shown in Table
compares well with the experimental value for the same
ergy region which amounts to (13867)310230 m2/sr ~the
error is mainly due to the uncertainly of the absolute sca!.

III. CONCLUSIONS

The coincidence measurements give very clean and
able results for the differential cross sections of Comp
s

.
.
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scattering. The measured pulse-height distribution conta
very little background. To obtain the single-scattering Com
ton spectrum, only small corrections for other cross-talk p
cesses were needed. The conversion to the differential c
sections is accurate to better than 4% on absolute scale.
differential cross sections have been obtained in a relativ
much wider energy interval than what could be expected
singles-mode measurement. The low-energy end is lim
by the bremsstrahlung process, while the upper-energy en
limited by the threshold of the target detector discriminat
Almost any radioactivex and g source could be applied in
the coincidence Compton experiments, independently of
complexity. Even crossover transitions with relatively we
fast cascades can be used. In many cases, the mul
sources will be convenient for a simultaneous measurem
at several incident energies. The contribution of the doub
cross-talk processes to the Compton spectrum is very w
in coincidence measurements.
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@21# S. Pasˇić and K. Ilakovac, Nucl. Instrum. Methods Phys. Res.

405, 45 ~1998!.
2-6


