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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 sectioio/d() 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 sourcgs®u 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
d?0/dQdE 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 numbds): 32.80.Cy, 32.30.Rj

[. INTRODUCTION cesses, an incident photon is scattered one or more times in
the target detector, a scattered photon escapes it, and reaches
The investigation of Compton scattering on bound electhe second detector where it is also scattered one or more
trons still raises much intere$i]. Accurate experimental times, and finally a scattered photon escapes the second de-
determination of double-differential cross  section,tector and is absorbed in the target detector.
d2¢/dQ) dE, is an excellent source of data for the study of An important advantage of the coincidence measurement
atomic structurg2]. One of the techniques for measuring the ©f the Compton spectrum over the measurement in the
Compton-scattering spectrum, recently introduced by thsingles mode is the poss@hty of usmg_of multiline photon
present author§3—5], is based on the application of two SOUrces. For the o_bse_rvatlon of scattering at the enEfgy_
germanium detectors that operate in the coincidence mod&1€re are no contributions from photons of lower energies,

In that type of measurement, a photon of incident endigy while the contributions of incident photons of higher energy

is scattered in the target detector and a scattered photon L€ minor. In addition, a multiline source with several promi-

absorbed in anothésecond detector. Coincidence detection nent lines of similar intensity is suitable for a simultaneous

. . measurement of Compton spectra at these energies. That was
of the total recoil-electron energy() and the total energy demonstrated in our first experimdi3], where a source of x
of the Compton-s-cattere(‘j‘ photory) is observed. Such ,vq was used. In the present experiment, a complex radio-
events are seen in the, “events lind, +E,=E, in the  5iive multiline y source of 5%Eu decaying t0l3°Gd was
E1.-E.2 two.-d|men5|onal spectrum. .The analy5|s of data a!onqjsed_ In the decay, the 86.54 keV state decays either by a
this line yields a clean spectrum in a relatively much widergiect transition to the ground state, or by the 26.53—60.01
energy range than that obtained in a singles-mode measurgey cascade. The two cascade-transition photons are scat-
ment [6,7]. The obtained spectrum is corrected for othertered in the target detector independently of each other and
(single cross-talk (detector-to-detector processes, which could reach the second detector. Since these cascades are
also cause the splitting of energy of incident photons amongnuch faster than the response time of the detectors and the
the detectors. Since these corrections are the most importagdincidence setup, the summation of pulses takes place in
ones, but on the other hand, weak compared to the singleach single detector resulting in a coincidence spectrum in
Compton scattering, one is led to the conclusion that thehe events lin€E, + E,=E,. The energy profile of that spec-
coincidence method can give very reliable Compton spectrgum is also examined.
on absolute scale.

The accurate experimental determination of the Compton
double-differential cross sectiod?s/dQ) dE is our main
goal in the present work. For this purpose, it is necessary to Two high-purity germanium detectors in head-on geom-
investigate other cross-talk processes, which have not beeiry were applied in the experimetftig. 1). The active vol-
studied previously, but also contribute to the events lineume of the detectors is of a cylidrical shape of nominal size
There is a group of such processes, which can be described 200 mnfx 13 mm thick. The energy resolution of the de-
as double cross talk between the two detectors. In these preectors was about 360 eV at 59.4 keV. The radioacjggu

The experimental setup
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directions of the incident and detected scattered photons was
aboutd,~174°. The average value of the solid angle of the
The second The target second detector for photons scattered in the target detector
detector detector was AQ,~0.1sr, and for the reverse processAs$),
~0.095 sr.

alAaee || 0P The same fast-slow coincidence system with a three-
Pb Pb parameter 128 512x 512 channel pulse-height analyzer was
N N —— used as in the two previous experimef®4]. A triad of

0 1 Z2em channel numberg,k;,k, was recorded for each coinci-

2 dence event, whellg, is the time difference of the pulsds,

z } surrounding the detectors. The average angle between the
Pb

the amplitude of pulse from the target detector, &ndhe
amplitude of pulse from the second detector. The coinci-

dence unit was set to 200 ns. The full width and half maxi-
FIG. 1. A part of the experimental setup for the coincidencemym time resolution was about 20 ns.
measurement of the Compton spectrum.

Pb

. . IIl. PROCESSING OF DATA AND RESULTS
was used as the source of photons, giving a complex multi-

line spectrum shown in Fig. 2. The most intensive line, of the The pulse-height spectrum of events in &g+ E,=E,
energy of 86.54 keV, was used in the investigation. A tinyline, without any subtractions, versus energy deposited in the
source, obtained by the evaporation BPEUCL solution, second detector is shown in Fig. 3. To obtain the single-
was mounted on the source shield made of pure gold. Th€ompton-scattering data, all other processes which contrib-
source shield was placed between the two detectors, and wage to the events line must be calculated and subtracted. The
used to expose essentially only the target detector to photorealculations are very laborious because for each scattering
emitted by the source. A satisfactory asymmetry ratio of 72procesgCompton, Rayleigh, and photoelectric effeetach
defined as the ratio of numbers of incident photons whichelectron subshell has been separately taken into account. The
reached the target detector and the second detector, wessults for various combinations of subshells and processes
achieved in the experiment for 86.54 keV photons. Four leagdvere summed to obtain the calculated results shown in Fig.
plates were placed between the detectors to reduce detecti@nThe calculations were performed on absolute scale, except
of photons scattered by the lead plates and other materiafer the peaks due to the escape of characteristiKGeays,
from which the productNyAQ; was determinedN, is the

TrTTTrTT T T T T T T number of photons of incident energy which reached the

E =86.54 keV — ] target detector during the experimgnin the calculations,
the impulse approximation with hydrogenlike wave func-
tions [8,9] was used for the Compton-scattering differential
cross section, the theory of Heitl¢t0-12 was used for
bremsstrahlung of secondary photoelectrons, and tabulated
values for the modified relativistic form factpt3,14] were
used for the elastic differential cross section. All processes
were classified into single- and double-cross-talk processes.

60.01 keV

26.53 keV
E02

10" 7

A. Single-cross-talk processes

EOI

Here, we review the single-cross-tdtketector-to-detector
scattering processes following our Refg3-5], where they
are explained in more detail. These types of processes are
5 described as single- and double-scattering single-cross-talk
3 3 processes.

The number of events per channel due to the single scat-
tering, in which energ¥ is deposited in the second detector,
is given by the following expression:

Number of events

d?c/dQ dE AD
m(Eo) + m(E)/cogd,) ~ '

0 10 20 30 40 50 60 70 80 9 100 110 whereE, is the incident-photon energg?o/dQ dE is the
Energy [keV] differential cross section, and(Ey) and w(E) are the at-
tenuation coefficients in germaniuf5,16 for the incident

FIG. 2. The spectrum of5°Eu measured in the target detector. energy and energyE of the scattered photonAD

The Compton spectrum was determined for the 86.54-kedys. =e.€6,6(E)NgArexd — wair(E)d]AQ,, where €.=0.98 is

10‘-: 3 N(Eq,E)=Ng 1)
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also a single-scattering process. It is suitable for the determi-
nation of the absolute scale. The “reverse” single scattering
has been also included in which considered photons pass
through the source shield or are elastically scattered in the
surrounding materials and first enter the second detector to
be scattered into the target detector, where they are absorbed.
The numbers of counts for reverse scattering are also calcu-
lated by Eq.(1), but the result obtained is interpreted as the
number of counts at enerdy,—E.

The double scattering in single-cross-talk processes are
low-intensity scattering processes. They contribute to the
event line in the same energy region as the single Compton
scattering. In Ref[4], we proved the approximate propor-
tionality of the double- and the single-backscattering Comp-
ton spectrum. Rayleigh-Compton and Compton-Rayleigh
double scattering produce relatively more high-energy pho-
tons. The general expression for the number of events per
channel produced by double scattering, in which ené&dgy

Number of events per channel

deposited in the second detecfai7,18, is given by
EO—B' w
: No(EgE)=2NoADY, >, ]dElj de’
‘. i ] JE-B 0
r 1 0
_______ , ‘r X f SF]_Xm_"f SdeXl), (2)
T — T 0 -1
1 I 1 I I | | 1 I I | I 1 | I 1
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 &5
Energy [keV] where
FIG. 3. The pulse-height distribution in the event liig+ E, _ d%0y(Eg,Ey,x;) d?0(Eq,E,X)
=E i i . Si - ’ ’
0 ar_wd calculated contrlbutlc_ms Qf processes: single chJss talk d0/}dE, dQ,dE
(SC—single Compton scattering in the target detector; BS—
bremsstrahlung of photoelectrons ejected by incident radiation; Ge 1 1

Ka and GeKpB—peaks due to characteristi€ x rays of germa- F.=
nium, RS—reverse scattering; CC, RC, and CR—Compton- . m(Eg) — u(E)/ Xy m(Eq) — m(E)Xq /Xy’
Compton, Rayleigh-Compton, and Compton-Rayleigh double scat-

tering); DCT—double-cross-talk processes; Cascade—a small pea&nd

due to absorbtion of 26.53 keV photons in the target detector and of

60.01 keV photongafter passing source shiglth the second de- 1 1

tector; Cascade CT—both casche photons enter the target detector Fa= w(Eo) = m(E)Ixy  m(Eq)—m(Eq)IXq
and secondary photons from either one or both photons are ab-

sorbed in the second detector. 1

*W(ED— w(E)xa iy

the efficiency of the coincidence,=0.95 is the estimated

efficiency (not including the escape of characteristic K& Xo= \/1—X,23\/1—X§COS<,D’ +XpXy1.

ray9 of the second detectog(E) gives the efficiency of the

second detector involving only the escape of characteristi¢i and o are the cross sections for Compton or Rayleigh

Ge K x rays, Nge is atomic density in germaniumd,  Scattering by electrons in the subshellndj in germanium

=0.205 keV/channel is the channel widjh,;, is the attenu- ~ atoms (5,2s,2p, .. .) of thetarget detector, respectively.

ation coefficient in air, andi is an average path length of E1 andE are energies after the first and second scattering,

scattered photons in air. respectively x; =cosd}, x,=cosd,, andx,=cosd,, where
The single Compton scattering, the most interesting prod; and 9, are angles of the first and second scattering, re-

cess at present, predominantly produces photons in thgpectively.B; is the binding energy of sheil

middle- and high-energy range in the events line. The cross In deriving Eq.(2), normal incidence, infinite thickness,

talk via photoelectron bremsstrahlung radiation in the targeand infinite radius of the cylinder of the detector active vol-

detector dominates at low energies. In Compton-scatteringme were assumed. These approximations are well satisfied

coincidence measurements, the bremsstrahlung must be calhce[1/u(Ey) <D, whereD is the thickness of the target,

culated in order to estimate the low-energy end of the Compand uR;=4, whereR; is the radius of the targ¢fil9]]. The

ton spectrum. The escape of characteristickaeandK 8 x polarization effects, which occur in multiple scatterirg],

rays following the photoabsorbtion of the incident photon iswere not taken into account.
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B. Double-cross-talk processes (Compton scattering, bremsstrahlung, and the escape of the
ése characteristic x rgy including a combination of elastic

There are many scattering modes involved in the doubl cattering of incident photons in the target detector with

Cross talk among the tW.O detectors. E?‘Ch of the mentione ther single-scattering processes in the second detector.
single- or double-scattering processes in one detector can be \ye consider the single scattering processes of incident
combined with the same or other scattering processes in t'}?notons in the target detector in which(E,;)dE, photons
other detector. An exception is a combination of escapes ofre produced, which enter the second detector, where they
GeK x rays from both detectors. Since we expect a very loware also singly scattered. The number of produced tertiary
intensity rate of all double-cross-talk processes, only thephotons of energ¥, per unit energy interval, which reach
combinations of single-scattering processes are considereke target detector and are absorbed therein, is

d?o(Ey,E,,cosd)
dQ dE,
(E1p)+u(Ey)/cosdy,

>

]
dn;(Ez) =ny(E;)dE;Nge "

exf — uair(E2)d]AQze 818 (Ey), ()

where
5 d?0i(Eg,E;,cosd)
H(Eg) + n(Eq)/cosd,

N2(E1) =NoNge exf — pair(E1)d]AQ; .

In these relationsr; and o are the cross sections for bremsstrahlung and single Compton scattering by electrons in the
subshellsi andj in germanium atoms of the target and second detector, respectively. The energy deposited in the target
detector isEp,;=Ey— E;+ E, while the energy deposited in the second detect@ys=E;—E,.

The expression in Ed3) is essentially the application of E(L) to double cross talk among the two detectors. Because the
number of (coincidenj counts per channel(Ep,), which deposited energp, in the second detector, is required, the
substitutionE,=E;—Ep, must be done as well as summation over all combinations of enefgiesd E, which give the
same value oEp,. Therefore, the following transformation of E(R) gives the required number of counts:

5 d?0j(Eq,E;—Epy,cosdy)
Eo—B g 7 dQ dE;
n,(E;)dE;N
AEV BN e (T (E,~ Epy)lcosd,

N(Eo)= | eXiT — pai (Er— Epp)d1AQc616(Es— Eny). (4

Ep2
Integration of Eq.(4) must be performed using the following conditions for value€gh: Ep,>Ey,, Ep,=Bj, Ep,<Eg
—E; 1, whereE; andE,,, are the energies corresponding to the discriminator thresholds of the first and second detector,
respectively.

Only bremsstrahlung or Compton photons of enekgy,+Eg, s emitted from the target detector, which induced the
escape of the characteristic ®ex rays in the second detector, can contribute to the events line at eBgsgyr hus, it is
necessary to modify Ed4) for the calculation of these events

doka,g(Ep2t Exq,g,C0S0p)
dQ
#(Epot+Ekq p) + m(Ekq,p)/cOST,

N(Ep2) =na(Epz+Eka,g)Nge exXfd — tair(Eka p)d]1AQ2ec818(Eka,p),

whereEy, 5 is the energy of G&Ka andKg x rays, and  ber of counts at energlf,—E.

0k, p(E,cosdy) is the cross section for their production by ~ The results of calculations of all double-cross-talk pro-

photons of energ¥, which enter germanium at the anglg ~ cessegFig. 3) show their very low intensity rates compared

with respect to the normal of its surface. to the single-cross-talk processes. It should be noted that this
A combination of elastic scattering of incident photons inratio is proportional to the solid angl&(},. However, in a

the active volume of the target detector and single scatterin@ompton experiment in which a good definition of the scat-

in the second detector makes a new subgroup of doubldgering angle is desired, the solid angle is always small.

cross-talk processes. These processes show the same behBlerefore, in Compton scattering measurements using two

ior as the reverse single scattering. They are also calculatede detectors, the double cross talk between them can be

by Eq. (1) and the result obtained is interpreted as the numneglected. The same conclusion can be expressed in another
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way [21]: the component of the response function of the
second detector due to the escape of secondary radiation has
a minor contribution to the Compton-scattering data.

C. Background due to the cascade transition 107

$3Eu decays byB~ decay to the 5/2, 3/2 states of

£3°Gd with a branching ratio of 26%. The states decay to the
ground state by emission af photons of 86.54 keV or by —
cascade of emissions via the intermediate State in which 7
photons of 26.53 keV and 60.01 keV are emitted. We exam- % 1%+
ined the coincidence counts for events in which both photons Né 3
enter the target detector and secondary radiation due to the g
scattering of one, of the other, or of both photons is absorbed %

in the second detector. 5
We consider a cascade in which emission of a photon of &
energyE,, is followed by emission of a photon of energy o 10 4

Eg, with the probabilityWg i (Eqz) .- The number of coinci-
dences per channel due to two cascade photons, which en-
tered the target detector, recorded in the events Ene
+E,=E,, in which the second detector registered energy
Es=E{;+Eg,, is given by

10™
Ncascade cfEs):NmAzf W(Eo1E1)Wemis(Eq) ) [ S ‘
MR IARAR LS RARAS RARAN RN RS LRSS R IR
R 30 35 40 45 S0 55 60 65 70 75 80 85
XW(Eq,E5)dE], 5 Energy [keV]
where Ny, is the number of photons of enerd, emitted FIG. 4. The experimental values of the differential cross section

during the experiment, anHly, and E¢, are the energies of 424/dQ dE for Compton scattering in germanium and the theoret-
the scattered firstHy;) and second Eg,) incident photon ical values calculated using the impulse approximation with the
after their scatteringW(Eq; ,E{) is the probability per unit hydrogenlike wave functions.

energy interval and per emitted incident cascade photon of

energyEy; , for total absorption, given by ing in the target detectors, and the obtained spectrum has
subsequently been converted into the values of experimental
W(Eq; ,E{)=e.ese(Ep) 5(E{) cross sectiongFig. 4) using the following relation:

or for single scattering, given by

( d’s ) _nexp{M(E0)+M(E)/COS(ﬁp)]
> do/d0dE | ddE/, NoAD

W(Eq ,Ef)= ,U«(E] )+ w(E)/cod 9,) A The obtained experimental Compton spectrum is in the

0 Pl 2 energy range from 33 keV to 82 keV, which is 58% of the

Equation (5) with the numerical values E,;  Complete energy range. The Iow-energy end is limited by th_e
=26.53 keV, Eg,=60.01 keV,Ngy;=0.01N,, and l:_)re_msstrahlung of photoelectron‘?, vyh|]e the upper end is
Wi mis (Egp) = 1.03x 102 gives the spectrum limited by the threshold of the discriminator of the target
Ncascade c£Es) Shown in Fig. 3. The very low contribution detector. The range of values of the differential cross section
of the cascade transition is essentially caused by the reldS about 6<10°. The uncertainties of the data shown in Fig.
tively low branching ratio of the cascade. 4 are statistical only. The uncertainty of the absolute scale is
The only visible contribution of the cascade transition in@Pout 4% and the main reason for it is the not quite precise
the experimental data is the pe@enoted Cascade in Fig) 3 knowledge of efficiency of the Ge detectors. The results of
due to the coincidence absorption of the first cascade photdf€oretical calculation of the cross section based on the im-
(Eop in the target detector and the second cascade photd?HIse approximation using the hydrogenlike wave functions

(Egp) in the second detector. This peak could be eliminated™® @!S0 shown in Fig. 4. The theoretical curve obtained is
by a more efficient source shield. convoluted with the function of the detector resolution, rep-

resented by the Gaussian function. Fair agreement between
the theoretical and experimental cross section values is ob-
tained. The disagreement appears in the same energy regions
The pulse-height distribution,,, in the events lineE;  as in the last two experimen{$8,4], but it is more pro-
+E,=Eq has been corrected for nonsingle Compton scatternounced. That is due to the higher energy of incident pho-

D. The differential cross sections
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TABLE |. Total Compton cross sections from each subshell and their sum calculated using the impulse
approximation with hydrogenlike functions.

Subshell B 2s 2p 3s 3p 3d 4s 4p Sum
do; m2 6.38 8.93 27.31 9.17 27.62 46.05 9.21 9.21 143.89
—5107%0—
dQ Sr

tons. The main reason for the disagreement arises from thecattering. The measured pulse-height distribution contains
application of the hydrogenlike wave functions in the im- very little background. To obtain the single-scattering Comp-
pulse approximation. ton spectrum, only small corrections for other cross-talk pro-
The values oflo; /d() at 174°, calculated in the impulse cesses were needed. The conversion to the differential cross
approximation for each subshell in the energy range 33—82ections is accurate to better than 4% on absolute scale. The
keV (for 1s shell to 75.44 keV to take into account the differential cross sections have been obtained in a relatively
binding energy, are shown in Table |. These values are al-much wider energy interval than what could be expected in a
most equal to the integrals over the whole energy regionsingles-mode measurement. The low-energy end is limited
because the differential cross sections outside the region at® the bremsstrahlung process, while the upper-energy end is
very small. The sum of the values is also shown in Table I. [fimited by the threshold of the target detector discriminator.
compares well with the experimental value for the same enAlmost any radioactivex and y source could be applied in
ergy region which amounts to (138)x10 % m?/sr (the  the coincidence Compton experiments, independently of its
error is mainly due to the uncertainly of the absolute Scale complexity. Even crossover transitions with relatively weak
fast cascades can be used. In many cases, the multiline
sources will be convenient for a simultaneous measurement
at several incident energies. The contribution of the double-
The coincidence measurements give very clean and relisross-talk processes to the Compton spectrum is very weak
able results for the differential cross sections of Comptorin coincidence measurements.
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