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Detector-to-detector Compton backscattering in germanium at 59.5 keV
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The differential cross section for Compton scatteritfgr/dQdE in germanium Z=32) was measured

using the sensitive volume of a Ge detector as the scatterer and another Ge detector for detection of the
scattered radiation, at an incident energy of 59.537 keV and a scattering angle of about 170°. The application
of the coincidence technique and the requirement of a constant energy sum yield a clear spectrum in a broad
energy range. Detailed analyses of the processes involved in the detector-to-detector scattering were made,
including various double-scattering processes. Calculations show that bremsstrahlung of photoelectrons domi-
nates at low energies, while all double-scattering processes weakly contribute to the coincidence rates. The
influence of Compton-Rayleigh and Rayleigh-Compton scattering on Compton data is relatively stronger at
high energy, while an approximate proportionality of Compton-Compton and single Compton spectra at scat-
tering angles close to 180° was obtained, assuming the impulse approximation. Single and double Compton
scattering on stationary electrons at 180° have been shown to produce photons of exactly the same energy. The
measured differential cross sections for Compton scattering and results of calculations based on the impulse
approximation are in fair agreemef$1050-294®7)06306-3

PACS numbes): 32.80.Cy, 32.30.Rj

I. INTRODUCTION events from some other everftsg., from events due to elas-
tic scattering. (c) Partial absorption of energy of either the
Compton scattering is an important collision process of xrecoil electron in the detector-scatterer or the Compton scat-
and y rays in matter. Therefore, the interest for developingt®réd photon in the second detector does not appear as an
theoretical[1] and experimental techniques with the aim to €VeNt on thee, + E;=E, events line. Hence the problem of
determine accurately Compton scattering still persjgis deconvplutlon because of the detector response is eliminated.
Almost all prior measurements of the differential Compton- In this work we present measurements of Compton back-
scattering cross sectio?o/dQ dE on bound atomic elec- scattering in germanium at an incident energy of 59.54 keV,,
trons have been obtained using the singles-mode measu ade with an improved experimental arrangement. Only one

mris . the_ souce scatererdetctr assorfay] {e5f S 2 1 At e seecon
However, in this type of measurement, partial energy absor ond” detectoy. This arrangement allowed the study of th
tion in the detector, of photons scattered by Compton effect etectoy. S arrangement aflowe € study ot the

on weakly bound electrons, leads to a strong increase of th%etector-to-dete_ct(_)r scattering at cons?derably I_ower energies
counting rate below the Cémpton peE&4]. Therefore, at of scattered radiation. The processes involved in detector-to-

photon energies below the Compton peak, where the differdetector scattering are important in processing the Compton

ential cross section drops to less than about 2% of the value%ata' Therefore, detailed calculations of these processes and

in the peak, the singles mode does not give reliable results‘f.’maIyses of their influence on Compton spectrum have been

In our previous wor5] we presented another approach made.

for measuring Compton cross section for germanium ato o:-no t(t)rrlwes a;ézarri dﬁgoggli‘iggér;o t;net?gtljjrrw?jmeelg(t:trg];stzes-
using two germanium detectors in coincidence. The sensitiv P P 9 by

volume of one of the detectors was used as the target a g the coincidence me_thod with a pair of semiconduct.or_
detector of recoil electrons and the other detector was used gtectors has been published by other authors so far. A simi-

the detector of scattered radiation. Coincidences of pulse§lr experimental procedure for measuriagr/d2dE on K
from the two detectors were recorded. If there is no energ

lectrons of germanium, using three detectors, was reported
loss, coincidence events satisfy the conditpt E;=E, t6;7]WThe CO'Q?:?:CE terclmlqnl:e V\?ttrr‘]Monsc'rtllﬁt'?r?bdzte:' f
which is equal to the energy of the incident photon. Only ors was use easurements of the anguiar distribution o

events in the “events line’E; + E,=E, in the E;-E; plane

the Compton scatteregrays[8]. The coincidence technique
were analyzed. A clear spectrum in a broad energy range w

as also applied to test simultaneity in the Compton effect
obtained. We noted several important advantages of the ¢ see Ref[9] and references thergin

incidence method of measuremési. (a) Background due

to exterior radiation is negligible because of the requirement

of simultaneity of pulses from the two detectofb) The In the present arrangeme(see Fig. 1, a small “central”
coincidence method allows one to distinguish Comptorshield was used to absosbrays emitted towards the second

Il. APPARATUS
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FIG. 1. Experimental arrangement used in the Compton scatter-
ing measurement.
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detector. The central shield was made of lead of an approxi-

mately semispherical shape and a thickness of about 0.7 mm.

The cavity (about 1 mm in diametgrwas filled with

Dy,0O; and was covered by a thin disk of Plexiglas. 10"

Tiny chips of 2)Am were embedded in a sméaébout 0.2

mm in diameter ball of glue. The activity of the source was

39 kBq, as determined by a comparison with a calibrated ' /. Wk . .

source of?’Am. The source was centered on the Plexiglas 40 140 240 340 440 = 540

disk of the central shield and was mounted in the center of a Energy [keV]

15-mm-diam hole in one of four 2-mm-thick lead plates that

were placed between the detectors. The lead plates defined FIG. 2. Experimental data and calculated numbers of events of

the scattering angle at abod,~170° with an angular di- Processes involyed in det_ector-to-detector scatt_erin_g. The curves

vergence of-2° to +5°. These plates also reduced scatter-Show the following: SC, single Comptqn scatterl_ng_ln the tgrg_et;

ing from the cylindrical lead shield that surrounded the ex-BS, bremsstrahlung of photoelectrons ejectgd .by incident radiation;

perimental setup shown in Fig. 1. G_e Kasrénzd GeKl,B,Cpeakts due ttc; chargcttekrlstlc X r%yz (zf gtermg-C
S - - nium; , single Compton scattering in the second detector; CC,

e Y, RC. an G Comon Compion Fajedh Compion. an

.. Compton-Rayleigh double scattering.
the measurements. Pulses from the detectors were fed intoa
flazsstxs :_;) 1v;>< g?'zncé?g;]%eel Spyusitsirr]hei\glr:? aﬁal):rz];er.e Igirrargii{except for procesga), from which the solid angle was deter-

event, the time difference and the energy in each detectorpmed. Single and multiple numerical integration procedures

were recorded. Coincidence unit was set t=200 ns. The V;/]'th ar|1 alccgracy grealger tha}n 1@were used. The results of
full width at half maximum time resolution was about 20 ns.t el ca Cg ations arej ngln |n'F|gI._f2. h lculati f th
The energy resolution of the detectors at an energy of 59.53'Zu n order to considerably simplify the calculation of the

i . mbers of events due to double scattering, normal inci-
I::%t\;v%;lsazbﬁjgt ﬁGO eV. The time duration of the MeasUr€yence, infinite thickness, and infinite radius of the cylindrical

target(the first detectorwere assumed. For the purpose of
comparison, the same assumptions were also taken in deriv-
I1l. ANALYSIS OF DETECTOR-TO-DETECTOR ing the expression for single scattering. From the geometry
SCATTERING of the setup and while 3/(E;)<D is the thickness of the
) ) _ target, the first two assumptions have a small or negligible
The data in the events linE,+E;=E, in the E;-E;  jnquence on the calculated results. The infinite radius of the

spectrum were analyzed. The spectrum obtained is shown @ jingric target, which could strongly influence calculated
Fig. 2 without correction. It contains not only the events duedouble-scattering results, is a very good approximation in

to single Compton(SC)_ scattering, but also gvents from gur experiment since:R,=10, whereR; is radius of the
other processes. Most Important are the fqllqwmag:cross- target[10]. Also, in deriving the expressiof8) for the num-
talk among the two detectors via characteristic Ge X réys; pers of events for double scatteritgge below, polarization
bremsstrahlung of electrons ejected by photoeffect of inCiyga s were neglected. For details of their possible influence

dent photonsjc) _smgle Compton scattering in the sgcond ?n double-scattering processes see REf].
detector due to imperfect asymmetry of the experimenta

setup(a negligible contribution to the recorded datand(d)
double Rayleigh-ComptoiRC), Compton-Rayleigh(CR),
and Compton-ComptofCC) scattering. The processes were  The theoretical numbers of events due to single-scattering
classified into singl¢SC and(a)—(c)] and doublg(d)] scat-  processes were calculated using the relation
tering processes. )

We calculated the numbers of events for each type of n(E)=N d“o/dQdE AD
scattering. Calculations were performed on an absolute scale O w(Eo)+ u(E)/ cog170°) '

A. Single scattering

(€
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wheren(E) is the number of events per channiy, is the w 1 0
number of photons of incident enerds, recorded by the n(E)=2N0ADJ dElJ d@(f SFlXmJ’_J’ SFdel)a
first detector,d2a/dQdE is the differential cross section, 0 0 . &)
and u(Eq) and u(E) are the attenuation coefficients in ger-
manium [12,13 for the incident energy and enerdy of  where
scattered photon.

d%01(Eq,EL, X1) d?0»(E1,E,X,)

S=N ,
AD= e €26(E)Nge Agex] — pai( E)A]AQ, e dO,dE dQ,dE
where ¢,=0.97 is the efficiency of the coincidence, Fi= ! ! ,
€,=0.95 is the estimated efficien¢got including the escape m(Eo) = w(E)/Xp u(Ey) = w(E)Xy /Xy

of characteristic Ge x raysof the second detectok(E)
gives the efficiency of the second detector involving only the

escape of characteristic Ge x rayg. is atomic density in 1

germanium,A,=0.12 keV/channel is the channel width, Fo= W

Mair 1S the attenuation coefficient in ad, is an average path piE) =R P

length of scattered photons in air, add)=0.104 sr is the 1 1

average solid angle of the second detector as viewed from 1(Eq)— m(EDIxy) (Ep) — m(E)Xy /%p

the collision point in the first detector.

When calculating the Compton spectrum using B,  E; andE are energies after the first and second scattering,
the impulse approximatiofi4,15 for the whole germanium respectively, X;= c0sd;, X,= COSd, and X,= Cosd,,
atom was used. The results obtained were convoluted with Whered, and 9, are angles of the first and second scattermg
Gaussian function representing the detector response fU”Fespectwer, and?,=170° is the average angle between the

tion (not including escape processei§we take into account  incident and double-scattered photon. From the geometry of
the incident energy and the binding energies of target elecjouble scattering followE20]

trons, the conditions for the application of the impulse ap-
proximation are justifiedi14,16]. Xp= \/1—x';\/1—x§ COS @+ XXy . (4)
The bremsstrahlung of electrons ejected by photoeffect
caused by incident photons was calculated using the expres- In calculating the double-scattering processes, the impulse
sion approximation was also used for the Compton cross section
for the whole germanium atom. The differential cross section
d/dT for Rayleigh(elastig scattering was derived from RdR1],
) d ( ) where a relativistic Hartree-Fock-Slater modified atomic
d%o _ 9k EIEO‘EK radE - form factor was tabulated. The calculations of the elastic-
dQdE bs_47r EJe (dT ) scattering cross sections have also been made using the val-
ds ds/ ues of the form factor from Ref22], and very nearly equal
on results were obtained for the momentum transfers of interest
d (dT) in the present experiment.
radE

(o 1IEO_EL EE

dE, (2 C. Influence of double-scattering processes
d_T d_T on Compton spectrum
ds ds/.

rad ion

+__
47 E E

Integration in the photon energy range from 25 keV up to
59.5 keV of single-Compton and all double-scattering cross
whereox and o are total cross sections for photoelectric sections shows that the ratiQ of all double-scattering
absorption by theK and L electrons of germaniumil2], events to the total of Compton-single-scattering events is
respectively, andx andE, are the binding energies of the 2.3% for RC, 2.9% for CR, and 2.1% for CC scattering.
K or L electrons. The integrals represent the probabilities offhese numbers do not tell us much about the contribution of
production of the bremsstrahlung photon per electron of atlouble-scattering data to single-Compton-scattering data be-
initial kinetic energyE,— Ex or E,—E, and per energy in- cause the shapes of the spectra are different. RC and CR
tervaldE. (dT/ds),,qand @T/ds),,, are expressions for en- Spectra have a very similar shapes, but differ from the single-
ergy loss per unit path length to radiation and ionization scattering Compton spectrum. Their influence on the Comp-
respectively, of an electron of kinetic ener@jy{17,18, and  ton data is relatively stronger in the high-energy region and
from them @/dE)(dT/ds),,q was derived according to Ref. weaker for other energies. Calculations show that RC and
[19]. CR scattering data reach Compton data at the upper-energy
end of the spectrum for incident energies greater than 60
keV. On the other hand, the spectrum of CC scattering is
approximately proportional to the single-scattering Compton

The expression for the numbers of events per channel fospectrum at backscattering angles close to 180°. That is a
double scattering, obtained in the limit of infinite thicknesssurprising result. In the following we show that in the case of
of the target, is given bj20] stationary electrons and observing at scattering angle of

B. Double scattering
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TABLE |. Ratios of Compton-Compton to single Compton scat- 102
tering at angles 1762 ¢,<180° over a broad energy range, when
conditions for the application of the impulse approximation are ful-

2.5
filled. 508
ol%
» 283
Eo (keV) Q (%) 107 1 BEEL
Fae
30 0.30 ¥ °=
40 0.70
50 1.33 B o
= 10 -
59.54 2.14 =
X
80 4.62 &
a
kel
w

-31

9,=180°, both processes yield photons of the same single- §10 |
valued energy. In double scattering, energies of photons after “o
the first and second Compton scattering are

Eo E, 4

—_ —_— 10‘32 - T
B =TT =xy)’ F 1B (-x)’

where x; and x, are cosines of the two scattering angles.
Eliminating E; gives the energy of the double-Compton- .
scattered photon: 107 60 35.0 45.0 55.0
Energy [keV]

14+ Eg(2—X1—Xp)

E (6)

FIG. 3. Experimental differential cross section for Compton
scattering and results of calculations using the impulse approxima-
For double scattering at,=180°, the sum of the two scat- tion.

tering angles also equals 180°. $p= —x, and
and bremsstrahlung were subtracted from the original data

_ Eo and the new spectrum was subsequently converted into the
1+2Ey’ differential cross section using the relation
which is also the photon energy after single Compton scat- d’c Nexpl 4(Eg) + w(E)/ cog170°)]
tering at the scattering angle of 180°. That result could have dQdE = NoAD .
been inferred by extrapolating the calculated single- and expt

double-Compton-scattered photon energies for 0°-150 The presented energy range from 25 keV to 55 keV is

scattering angles in Table | of R¢R3] to 180°. N
L about half of the whole energy range. It is limited by brems-
The initial momenta of the electrons broaden the tWOstrathng data at the low energies and by the threshold of the

spectra. Numerical calculations of single and double Comp:-

ton spectra using the impulse approximation for incident englscrlmlnator of the first detector={ 5 keV) at the upper-

ergies from 20 keV to 80 keV have shown that broadening of Neray end. The transition from bremsstrah!ung'to Qompton
spectra is similar. That causes an approximately uniforngata is sharp and only a few low-energy points in Fig. 3 are
contribution of the double-Compton-scattering events to th@trongly affecte_d by bremsstrahlung._AII other data are es-
single Compton spectrum. That relation can be applied tgentially pure single-Compton-scattering data.

estimate the double Compton spectr(er., in a two-photon . The integration of the experlmental differential Cross sec-
transition experiment24]). The CC spectrum can be esti- tions over photon energy gives the value of the incoherent

; ; attering functionS,,,{(4.8,32)=31.1=0.2. It is in good
?:;?qr:égl? the single Compton spectrum and percentag%%reemem with the tabulated val4.8,32)=30.78 ob-

tained from Ref[22].

D. Experimental differential cross section
for Compton scattering IV. SUMMARY

The experimental differential cross sectiodRo/dQdE The coincidence method is a very good experimental
for Compton scattering is shown in Fig. 3 on an absoluteechnique for measuring the spectrum due to Compton scat-
scale together with the theoretical calculation based on th&ering in germanium atoms. The energy range is evidently
impulse approximation. The indicated standard deviations ofonsiderably wider than what may be expected from the
the data are statistical only. An uncertainty of the absolutesingles-mode measurement of Compton scattering in germa-
values of double-differential Compton cross sections due tmium. The Compton spectrum obtained is clear and there is
the geometrical factorgot shown in Fig. Bis about 4%. In  no need for numerous corrections. Thus the possibility of
deriving the experimental cross sections, the calculated nunsystematic errors in the final results is largely reduced. Only
bers of events due to double scatterifi®C, CR, and CE  corrections for bremsstrahlung of photoelectrons at the low-
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energy end and possibly for Rayleigh-Compton andthe impulse approximation has been found in most of the
Compton-Rayleigh scattering at the upper-energy end of theneasured energy range, but in some parts deviations have
spectrum were needed. Compton-Compton scattering appeen found. Also, good agreement between the experimental
proximately uniformly affected Compton-backscattered datavalue of the incoherent scattering function and the corre-
A simple calculation shows that single and double Comptorsponding tabulated value in R¢22] has been obtained.
backscattering ¢,=180°) on stationary electrons gives
scattered photons of exactly the same energy. The results of
numerical calculations based on the impulse approximation
have shown that broadening of spectra of the single- and We wish to thank Dr. T. Surifor helpful discussions of
double-backscattered photons due to motion of electrons atbe theory of Compton scattering. We express our sincere
similar. thanks to Dr. D. E. Cullen of Lawrence Livermore National

Considering the absolute scale of the experimental differLaboratory and to Dr. J. H. Hubbell of National Institute of
ential cross sectiond?o/dQ)dE for Compton scattering in Standards and Technology for sending us recent tables for
germanium for 59.537 keV photons at the scattering angle athe x-ray attenuation coefficients, total cross sections, and
170°, good agreement with the theoretical values based oother data.
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