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Compton scattering is a technique for determining the momentum distribution of electrons in
condensed matter. Therefore, in the Compton scattering experiment all the available data about
the electron’s initial state is contained in the distribution of the inelastically scattered radia-
tion, i.e. the Compton profile. However, before the data can be interpreted, a series of energy
dependent corrections have to be applied. In this paper, general aspects of the Compton Scat-
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the sensitivity of these corrections on the quality of the final results is discussed.
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Bseoenue. KoMInTOHOBCKOE paccesHHE SIBISICTCS METOAOM OIEHKH pacIpeeNICHUs
JNMEKTPOHOB 110 UMITyJIbCcaM B KOHJIEHCHPOBAaHHBIX cpefax. B craThe paccMaTpuBaroTCs
00IIHe acTIeKThl TEOPHUH KOMIITOHOBCKOTO PACCESTHHSI.
Mamepuanvt u memooul. JInst n3ydeHus KOMITOHOBCKOTO PaccesHUs ObIIM MPUMEHEHBI
JIaHHbIE, MOTyYeHHBIE C TIOMOIIBI0 HOBOTO KOMIITOHOBCKOTO raMMa-CIIEKTPOMETpa BBI-
cokoif sHepruu. CTaTbs ONMMCBHIBAET BIAMSHME MOMPABOK B 3aBUCHMOCTH OT MOIIHOCTH
SHEPrHU B XO/Ie PKCIEPUMEHTA C UCIIONB30BaHHEeM Boib(pama Ha uctounnke 137Cs.
Peszynemamer uccneoosanus. B xone sxkcriepuMeHTa 10 U3ydeHHI0 paccesHus mo Komm-
TOHY BCE MMEIOIHECs JaHHBIE O HA4aJIbHOM COCTOSTHUY JICKTPOHA OBLIH MOJTydIeHBI U3
pacrpe/iesieHnst HeyNpyroro paccestHHoro u3iy4eHus, T. e. npoduias Komnrona.
Obcyacoenue u saxmovenue. B cratbe oOCykmaeTcss HEOOXOIUMOCTh BHECSHUSI KOP-
PEKTHPOBKH ISl TOYHOTO MOHMMAHUSI KOHEYHBIX PE3yNbTaTOB; JOKA3bIBAETCsl HEOOXO-
JMIMOCTH MOIOOHOTO YTOYHEHNUS B XO/I€ MHTEPIIPETAI[NN JaHHBIX KCIIEPUMEHTA B 3aBHU-
CHMOCTH OT MOIIHOCTH YHEPTHU.
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Bnazooapnocmu: ABTop BhIpaxkaeT OnarogapHocTb KOMTOHOBCKOU rpyrine npu YHUBEP-
curere YOpHKa 3a MpeIoCTaBlIeHne Hporpammbl-cumyisitopa «Monte Carloy, ucmosb-
30BaHHYIO B JaHHOH pabote, n nokropa M. JIx. Kynepa 3a miogorBopHoe o6cyxaeHHe

JTAaHHOW palboTHI.

Introduction

When monochromatic photons are
Compton scattered (inelastically scat-
tered) in a fixed direction, the observed
energy spectrum of the scattered photons
is Doppler-broadened due to the motion
of the target electrons. This broadened
line shape, referred to as the Compton
profile, J(p,), can be analyzed to yield de-
tailed information about the electron mo-
mentum distribution, n(p), in the sample
under study. Within the impulse approxi-
mation [1], the Compton profile, J(p,), is
defined as the projection of the ground
state electron momentum density distri-
bution, n(p), along the scattering vector
(chosen as the p_axis) and is given by;

Jp)=IIn(p.p,p)dpdp,. (1)

Therefore, in the Compton scattering
experiment all the available information
about the electron’s initial state is con-
tained in the distribution of the inelasti-
cally scattered radiation, i.e. the Comp-
ton profile. A detailed review of this topic
can be found in [2-3].

Over the range of energies below
1MeV, the Compton cross-section is
proportional to the atomic number Z
whereas the photoelectric cross-section
is approximately proportional to Z* /w*
where ©, is the incident photon energy
This implies that the ratio of Compton
to photoelectric cross section is approxi-
mately proportionaltow */Z*. For662keV
gamma ray radiation, the Compton cross
section is greater than the photoelectric
cross section up to about Z = 90 [4].
As a result, the higher energy of the
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gamma ray makes Compton profile
measurements to be performed on
a wide range of high Z-materials and their
alloys which are completely impractical
at the present x-ray energies.

However, before the data can be inter-
preted, a series of energy dependent correc-
tions have to be applied [5]. In this paper an
outline of the data corrections is presented
and the sensitivity of these corrections on
the quality of the final results is discussed.

An outline of data process

The order of data corrections is illus-
trated schematically in Fig. 1.

When enough counts have been ac-
cumulated in the Compton profile, the
obtained primary data are the measured
spectrum, M (®). When these corrections
shown in Fig. 1, are applied to the meas-
ured spectrum, they can be either additive,
multiplicative or convolutive. The meas-
ured Compton energy spectrum can be
described in terms of these corrections as,

M(w) = R(w) * E(w) G(o) * S(w) *
*A(0) [ D(w) + B(w)], (1
where * represents a convolution and
these corrections are defined in Fig. 1.
The Compton profile is then extracted
from the measured Compton data, M(w)
by rearrangement of Eq. 1, and can be
expressed as,

I(p,) =N C'(0) A'(0) E'(0) S(0)
*G (o) *R(0)[ M(0)- B(o)l, (2)

where ! represents a deconvolution
and N is the normalization constant char-
acterized by the sample (i. e. number of
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electrons for normalization) and all other ton spectrometer. The following sections
corrections are defined in Fig. 1. The or- describe the effect of the energy depend-
der of corrections illustrated schemati- ent corrections on measurement made
cally in Fig. 1, has been adopted for the on tungsten sample using the 137-Cs
analysis of Compton data obtained from source spectrometer employed in the
the new high energy gamma-ray Comp- present study.

Background Subtraction M(®)-B(w)
]
Deconvolution of resolution function R(w)
!
Deconvolution of geometrical G(o)
broadening function !
Deconvolution of source broadening S(w)
function l
Detector efficiency correction E(w)
!
Sample absorption correction [A(co)
Ribberfors cross section correction C(w)
!
Initial normalization N
!
Multiple scattering correction Jinttipte (Pz)
]
Final normalization N
!
Final experimental Compton profile J(p2)

F1ig. 1. Flow chart of the data reduction procedure used to extract the Compton profile J(p,) from the
measured energy spectrum, M(w)

P u c. 1. Biok-cxema nmpoueaypbl CKaTHs AaHHBIX, HCIIOJIB3YEMbIX UL M3BlIeYeHNsT KOMITOHOBCKOTO
npoduist J(p,) U3 H3MEPEHHOTO SHEPIETHYECKOTO CTIeKTpa, M(m)
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The Background Subtraction

The background is defined as the sig-
nal obtained with the source opened and
no sample in position. The main sources
of the background are: (1) the natural ra-
dioactivity such as cosmic rays; (2) stray
radiation from the source; (3) scattering
from the sample chamber, sample holder,
air in the scattering chamber, and detec-
tor collimator. Therefore, it is necessary
to measure the background spectrum and
then subtract this from the Compton scat-
tering data before the remaining data pro-
cessing procedures can be used.

Fortunately, in gamma-ray experi-
ments the background can be measured
independently compared with x-ray ex-
periments. Since the background can be
measured in an independent experiment
an appropriate energy calibration of the
spectra is required. It is important to em-
phasize the point that the experimental
condition (i. e. geometry, collimation,
shielding arrangement) in which the
Compton data are obtained should not
differ from the experimental condition
in which the background is measured.
But unfortunately it does because the
sample itself masks off part of the scat-
tering volume of the scattering chamber.
In the background measurement only the
sample is removed, and everything else
must remain the same. This will allow
for the background measurement to be
consistent and minimize the systematic
error. Because the 137-Cs source has
a long half-life (30 years), the back-
ground contribution is considered to be
time-independent. Since the background
spectrum is subtracted from the Compton
data on point-by-point basis, the back-
ground measurement should have good
statistics so that time scaling is properly
performed.

Detector Response Function
Correction

The detector response function is
defined as a measure of the amount of
broadening of a monoenergetic radia-
tion line in the Compton peak range. Its
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main features are a Gaussian peak and an
extended tail on the low energy side of
the line. The low energy tail originates
from partial absorption processes such
as imperfect charge collection within the
germanium crystal. The existence of the
low energy tail in the detector response
function influences the shape of the
true symmetric Compton profile in such
a way that the measured Compton peak is
the convolution of the detector response
function and the true symmetric Compton
profile [6]. When the resolution function
is convoluted with the true symmetric
Compton profile it produces a progres-
sive asymmetric broadening on the low
energy side of the profile, leaving the
high energy side of the profile largely un-
affected. Therefore, the extraction of the
true symmetric Compton profile from the
measured data requires the removal of
the low energy tail (i.e. deconvolution)
from the measured data.

In the present studies, the detector
resolution function was measured using
a 123-Hg 297,1 keV point source. The
point source is placed at the sample po-
sition in order to mimic the experimen-
tal geometrical condition. The measured
resolution function is shown in Fig. 2.
Since the Compton energy is located at
288 keV the error involved in the resolu-
tion function measurement is about 1%.
This error is eliminated by shifting the
energy of the resolution function peak to
the Compton energy with the correspond-
ing FWHM at Compton energy. On the
other hand, the height of the tail shown
in Fig. 2, and its detailed shape meas-
ured with 123-Hg source at 297,1 keV
is not expected to differ had the meas-
urement been made at Compton energy
(288 keV). This is because the detector
efficiency remains almost the same in
the energy range between the two energy
points (i.e. 10,17 % at279,1 keV and 10 %
at 288 keV). Therefore, the measured
resolution function is considered reliable
and is used in the present studies for data
analysis.
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However, it is important to point out
that the correction on the low energy
side of the measured Compton line is
very sensitive to the exact form of the
resolution function. The deconvolution
correction was found to be very sensi-
tive to the height of the low energy tail

10°

with respect to the peak height. The tail
height of the resolution function shown
in Fig. 2, extends from 0,3 % to about
1 % of the peak height. The increase of
the tail height at the low energy side of
the line simply reflects the efficiency
curve of the detector.

10°

10*

Counts
o
o
2

10*

102

10

150 200

250

Energy [KeV]

F i g. 2. The detector resolution function measured with the 123-Hg line.
The tail/peak ratio (%) is shown

P u c. 2. ®dynkims pasperieHus AeTeKTopa, U3MepeHHas ¢ aunuei 123-Hg.
[Tokazano oTHOMmEeHUE XBOCT/TIHK (%)

As can be seen from Fig. 2, the tail
height to peak height ratio of the meas-
urement was 0,3 %. The task now is what
tail height should be selected that can
reduce the asymmetry of the measured
Compton profile to a minimum. This can
be done by using different tail heights
and looking for the minimum asymmetry
produced by the deconvolution correction
procedure. This empirical approach is
based on the fact that after all corrections
have been made the profile must be cen-
trosymmetric. Fig. 3, shows the results of
the Compton profiles for a tungsten sam-
ple as a function of the tail height (in %
of the peak height). The asymmetry of
the Compton profile is referred to the
difference (%) between the high ener-
gy side and the low energy side of the
Compton profile.

432

As can be seen from Fig. 3, that the
minimum asymmetry was obtained (i. e.
1 % asymmetry) when the tail height was
0,3 % of the peak height which reflects
the true ratio of the measurement. When
the tail height increases above 0,3 %
of the peak height the asymmetry of the
Compton profile becomes worse. If the
height of the tail is higher than a certain
limit (i. e. > 0,3 % of the peak height)
the deconvolution (removal of the tail)
correction becomes large. When the
Compton profile is normalized the high
energy side of the Compton profile is
lifted up, thus increases the asymmetry
of the resulted Compton profile. This can
be seen in Fig. 3, which shows that the
deconvolution correction is in fact very
sensitive to the height of the resolution
function tail.
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Fig. 3. The asymmetry of the Compton profiles (%) produced as a function
of the tail/peak ratio of the resolution function

P u c. 3. AcummMerpust KOMIITOHOBCKOTO mpoduiist (%) B 3aBUCHMOCTH
OT OTHOUIEHHUS XBOCT/TIUK (DYHKITMH pa3peIIeHHs

Geometrical Broadening Function
Correction

The geometrical broadening results
from the beam divergence due to finite
collimation. The uncertainty of the scat-
tering angle, due to beam divergence,
results in an energy dispersion which
broadens the experimental profile. There-
fore, in order to minimize the asymmetry
as well as improving the accuracy of the
experimental profile, the effects produced
by the geometrical broadening must be
removed from the measured profile [7].

Since the geometrical broadening
can not be measured in an independent
experiment, it is calculated by Monte
Carlo simulation of the ray path. In this
calculation only one slit collimator for
both source and detector was considered.
Fig. 4. shows the shape of the geometri-
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cal resolution function obtained from the
simulation for 100 000 photons. The sim-
ulated angular intensity distribution curve
is approximated by a polynomial of an 8"
order in order to remove the random sta-
tistical fluctuations from the calculated
intensity distribution.

As can be seen from Fig. 4, the geo-
metrical resolution function is a Gaussian
with FWHM = 0,5 a.u. (1 au. Of mo-
mentum is 2.0x102* kg m s™). The objec-
tive of data correction discussed in this
section is to deconvolute the geometrical
resolution function from the experimen-
tal profile. In the data analysis, the geo-
metrical resolution function is convoluted
with the detector resolution function (dis-
cussed in section 4) and then deconvolut-
ed from the experimental data by means
of the fast Fourier transform method.
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F i g. 4. The calculated geometrical resolution function
for the 137-Cs spectrometer

P u c. 4. Pacuernas reomerpuueckas GyHKLIHUs pa3perieHus
i cuekrpomerpa 137Cs

Source Broadening Function
Correction

The source broadening arises from
the fact that the incident mono-energe-
tic photon radiation can be degraded
by inelastic scattering within the source
and emerge with a wide range of lower
energies, thus contributing to Compton
profile asymmetry [7]. Therefore, in or-
der to minimize the Compton profile
asymmetry, the spectral distribution of
the inelastic scattering within the source
has to calculated and removed from the
experimental profile. In the present stu-
dies, the source broadening function of
the 137-Cs disc source (of 6 mm diam-
eter and 4 mm thick) was calculated by
Mote Carlo simulation developed by [8].
To remove the effects produced by the
inelastic scattering within the source, an
additional deconvolution correction is re-
quired. When this correction is applied,
the deconvoluted profile is then convo-
luted with a Gaussian of FWHM equal to
the experimental resolution. The overall
effect of all the deconvolution correc-
tions discussed in the present data analy-
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sis procedure is to remove the low energy
asymmetry and smooth the experimental
data. Accordingly, the theoretical profile
must also be convoluted with a Gaussian
of FWHM equal to the experimental res-
olution before comparing it with experi-
mental profile.

Detector Efficiency Correction

The need to apply a detector efficien-
cy correction to Compton data when us-
ing high gamma-ray energy (> 60 keV) is
well established [9]. In the low gamma-
ray energy range (i. e. < 60 keV ) a detec-
tor efficiency correction is unnecessary
because the efficiency of a solid state
detector is 100 %. However, at higher
gamma-ray energies ( > 60 keV) the effi-
ciency curve of a solid state detector falls
rapidly, decreasing from 100 % at 60 keV
to 31 % at 160 keV to 10 % at 288 keV
(Compton energy). This is shown in Fig. 5.
Therefore, the efficiency correction for-
mulated in this section is only applica-
ble to Compton data measured with the
662 keV 137-Cs spectrometer.

The main result of the rapid varia-
tion in the detector efficiency for the Cs-
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spectrometer is to produce an asym-
metrical Compton profile. In order to
restore the symmetry of Compton pro-
file, it is necessary to determine accu-
rate efficiency curve of the solid state
detector in the region of interest. This
is because efficiency corrections to the
measured data are large, and a conse-
quently small error in the efficiency
curve will be amplified when the data
is normalized.

The detector efficiency correction
procedure is as follows; (i) energy
calibration for the multi-channel ana-
lyzer (MCA). (ii) determining the de-
tector efficiency function, E(®). (iii)
dividing the data (point-by-point) by
the detector efficiency function. In the
familiar way the detector efficiency is
calculated using the expression,

E@=1-exp[-Wt], ()

100

Detector efficlency %
2 =

n
<

(4

where (p) is the energy dependent pho-
toelectric attenuation coefficient of the de-
tector crystal and t is the effective detector
crystal thickness. In the present case the de-
tector crystal was germanium (Ge) with an
effective thickness of 7 mm. In order to test
whether the calculated detector efficiency
function given by Eq. 3, is a proper func-
tion and can be used for detector efficiency
correction, it is necessary to carry out ac-
tual detector efficiency measurement and
then to compare the measured efficiency
with the efficiency calculated using Eq. 3.
In the present study the detector efficiency
was determined experimentally by compar-
ing the measured intensities of the 8 most
noticeable gamma-lines of the 133-Ba
point source, with the known relative inten-
sities of the gamma-emission taken from
[10]. The 133-Ba point source was placed
at the sample position as to mimic the ac-
tual experimental situation.

Energy (KeV)

F i g. 5. The measured detector efficiency from the emission lines of 133-Ba
(dashed line, open circles) and the calculated efficiency using eq. 3 (solid line,
filled squares).The schematic Compton profile shown in the figure indicates
the profile peak position for the 137-Cs spectrometer

P u c. 5. U3mepennas >(h(peKTHBHOCTH IeTEKTOpa OT IHHUH u3nydeHus 133-Ba
(TTyHKTHpPHAsI JIHHUSL, TIOJIbIE KPYXKOUYKH) U pacueTHast 3PEeKTHBHOCTD ¢
HCTIONB30BaHUEeM (popMyITEI 3 (CIUIOMIHAS JTMHMS, CIUTONIHBIE KBaPaThl).

Cxemarnueckuii npoduinbs KoMnToH, moka3aHHbIi Ha pUCYHKE, YKa3bIBaeT Ha MUK
nostoxkeHust npodwst Jurst crekrpomerpa 137-Cs
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The experimentally determined de-
tector efficiency and the calculated effi-
ciency using Eq. 3, are shown in Fig. 5.
As can be seen from the figure, the ef-
ficiency curve determined experimentally
gave higher efficiency values than that
predicted by Eq. 3. This implies that the
behavior of the efficiency curve of the
solid state detector may not be as simple
as that described by Eq. 3, which depends
only on the photoelectric absorption coef-
ficients and the crystal thickness. A cal-
culation of efficiency is difficult because
of the complicated way in which the
photon interaction processes contribute
to the total photopeak. At high y-ray en-
ergy Compton scattering within the crys-
tal may also contribute to the photopeak
and therefore Compton absorption coef-
ficients may need to be included in Eq. 3.

However, in order to find an efficien-
cy function which can describe to a very
good approximation the determined effi-

ciency curve, one must look for an em-
pirical analytical function of the photon
energy. The empirical analytic function
that is found to describe the behavior of
the experimental efficiency curve over
a limited energy range centered around
the Compton profile and is used for data
analysis is of the form,

4)

where ® is the photon energy,
a and b are the fitted parameters de-
termined from the straight line that
fits the measured efficiency points
best (see Fig. 6). Since the Compton
energy is located at 288 keV, the fit-
ted parameters a and b were chosen in
such a way that the analytical efficien-
cy function given by Eq. 4, describes
very well the experimental efficiency
in the energy range from (223 keV -
356 keV).

E(w)=a exp (- bw ),

26

Ln [E (@)

18

260

300 350

Energy (KeV)

F i g. 6. The detector efficiency function used for the 137-Cs experiment. The parameters a and b are
determined from the curve shown and are applied in Eq. 4, which is used for efficiency correction

P u c. 6. ®ynkuus 3 PeKTHBHOCTH JETEKTOpa UCIIONb3yeTcs 1ist okcrepuMenta ¢ 137-Cs. [Tapamerpst
a u b ompenensrorcst U3 KPUBOH, MOKa3aHHONW U NPUMEHAIOTCS B ypaBHEHUH (4), KOTOPOE UCIIONb3yeTCs
JUISL KOpPeKIHU () (PEeKTHUBHOCTH
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Multiple Scattering Correction

One of the main energy dependent
corrections is that the experimentally
observed Compton profile consists of
unavoidably a significant amount (10—
20 %) of multiply scattered events oc-
curred in a specimen. Fig. 7 (a), shows
the refection geometry for a single scat-
tering events and Fig. 7 (b) shows the
double scattering events. The presence
of multiple scattering events within the
same energy range as the single scatter-
ing events is the main difficulties in in-
terpreting the Compton spectra.

The multiple scattering events and
their wide energy distribution tends to
enhance the high momentum component

Source Detector

(a) single scattering

of the observed Compton profile. How-
ever, experimental methods to minimize
multiple scattering are impracticable
[11-14]. The complexity of multiple
scattering together with the variation in
experimental conditions i.e. scattering
angle, collimation, energy, sample thick-
nesses, and sample density make ana-
lytical solutions almost impossible. Cur-
rently corrections for multiple scattering
in Compton profiles use Monte Carlo
techniques originally developed by [15].
The correction for multiple scattering
in the sample is performed by subtract-
ing the simulated spectra of the multiply
scattered photons from the experimental
profile.

(b) double scattering

F i g. 7. Reflection and sample orientations showing (a) single scattering events and (b) double
scattering events. Paths I and 2 refer to the most probable double scattering events within a thin sample

P u c. 7. Orpaxkenue u opueHTanus o0pasia, MoKa3bBaoIIne (a) COOBITHS OJJHOKPATHOTO PACCEsHUS
u (b) cobwrTus nBOIHOTO paccesnus. Kontypsr I n 2 otHOCSTCS K Hanboaee BEpOSTHBIM COOBITUSIM
JIBOWHOTO pacCesiHUs B TOHKOM 00pasLe

The angular distribution of the mul-
tiple scattering depends on the scattering
angle. At a scattering angle 0 the angu-
lar distribution of the multiple scattering
extends from 6 to (360-0). The shape of
the multiple scattering distribution and
magnitude depend on material thickness
and the incident photon energy. Fig. §,
shows the multiple scattering distribution
produced by tungsten sample of lmm
thickness scattered at 90° with an inci-

Physics and Mathematics

dent gamma-ray energy of 662 keV [13].
The spectral distribution of the multiply
scattered photons shown in Fig. 8, was
determined by a Monte Carlo simulation
and contained 2 x 10* photons from an
input of 38 million photons. Since the
photoelectric absorption in tungsten is
high at lower energies, photons with en-
ergy range around 288 keV are able to
escape absorption in the sample (see the
inset Fig. 8).
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F i g. 8. The multiple scattering distribution from tungsten at 90° scattering angle
with 662 KeV incident photon

P u c. 8. Pacnipesenenie MHOTOKpPATHOTO paccesiHust Boibppama mox yriom 90°
¢ paccestHAeM Tafaroniero (oroHa sHepruei 662 KeV

Summary

Gamma-ray Compton spectroscopy is
a technique for determining the momen-
tum distribution of electrons in condensed
matter. Therefore, in the Compton scat-
tering experiment all the available infor-
mation about the electron’s initial state is
contained in the distribution of the inelasti-
cally scattered radiation, i.e. the Compton
profile. However, before the data can be

interpreted, a series of energy dependent
corrections have to be applied. These cor-
rections can be either additive, multiplica-
tive or convolutive. In this paper, only an
outline of the data corrections is presented
and the effect of these corrections on the
final Compton lineshape are discussed in
detail. If undetected error is introduced in
these corrections it will make the interpre-
tation of the final results very difficult.
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