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Abstract

We have developed a function to describe the response of an 8-cm3 germanium detector to photon energies as low as
6 keV, going up to 120 keV. Detection e!ects like the Ge X-ray escape and Compton scattered photons in the
neighborhood of the detector were treated. This study was based on the "t of analytic functions to the features of the
experimental spectra, thus revealing the parameters and their dependence on the photon energy. Our response function
has 13 parameters and its validity is shown by the reproduction of the parameter-generating spectra and through the
independent "t of an 152Eu spectrum. ( 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

Knowledge of the response function of a gamma-
ray spectrometer is important to make accurate
assumptions about the actual distribution of inten-
sities, as in the analysis of continuous spectra. An
example is the study of the inner bremsstrahlung
accompanying electron-capture decay.

The main motivation for this work was the lack
of a treatment of the low photon energy region
(from a few keV up to about 100 keV). There
are various approaches for designing response
functions (Monte Carlo calculations, analytic ex-
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pressions, transformations together with linear
combinations of previously stored experimental
spectra, etc.) and we have chosen that of taking
relatively simple experimental spectra, "tting their
relevant features with the help of suitable analytic
functions, and studying the dependence of the para-
meters of the "t with the photon energy. Another
criterion adopted was that of replacing any math-
ematical folding required by the physical process
by an empirical analytic form (e.g. this is the case
with the multiple-Compton scattering and the in-
complete charge collection e!ects [1,2]).

At such low photon energies it is advisable to use
sources to produce the response function with sim-
ilar mounting to that of the sources that will be
studied. In this work we have used a 32-mm-dia-
meter and 10-mm-thick planar Ge crystal, with
a 0.3-lm-thick frontal dead layer.
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2. The response function

Detection e!ects at low photon energies, such
as the Ge X-ray escape peaks and photons
Compton-scattered in the neighborhood of the de-
tector, especially at the detector crystal holder, de-
served a careful treatment. Some of the functions
shown here have already been used before [1,2]
and work well, although a certain tuning is needed,
depending on the photon energy, as will be dis-
cussed.

The response function describing the interactions
of a photon of energy Ec will be written as

R(E,Ec )"
7
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where E is the energy argument of R. The seven
pieces, f

i
, of the response function and their para-

meters, which depend on the photon energy,
are described below. We also brie#y discuss their
characteristics, comparing in some cases to what
was done in previous works [1}3]. Finally,
the response function for this type of detector is
written.

2.1. Photopeak

The full absorption of a photon will be represent-
ed by a Gaussian distribution with amplitude p

1
,

centroid at Ec ("xed) and full-width at half-max-
imum (FWHM) p
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:
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where p
2

depends on the photon energy. All other
features of the spectrum will have amplitudes (or
intensities) "tted relative to the photopeak ampli-
tude, p

1
.

2.2. Incomplete charge collection

The e!ect of incomplete charge collection shows
up a tailing on the low-energy side of the photo-
peak. There are two components for this:

(1) The "rst one comes from charge carrier trap-
ping [1,2] in crystal defects with their delayed

release. This is expressed here as
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where p
3

is the relative amplitude of this e!ect. The
exponential term generates the exponential low-
energy tail and the complementary error function
(erfc) kills f

2
under the photopeak, at a certain

distance of its centroid, Ec . The parameter p
4

is
related to the slope and centroid of f

2
under the

photopeak [2].
(2) The second component is mainly related to

the escape of photoelectrons [4] and bremsstrah-
lung from the active volume of the detector, and is
described as a constant plateau or step down to low
energies, smoothly decreasing to zero under the
photopeak. This is achieved by convoluting a con-
stant function with a Gaussian, resulting [1] in
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where p
5

is the relative amplitude of this e!ect and
the factor 1

2
corrects for the limit of the com-

plementary error function far from its decaying
region (which is 2).

2.3. Compton scattering in the detector

Compton scattering of photons is usually de-
scribed by the Klein}Nishina cross section [5]. As
can be seen from the experimental data (see Fig. 1),
one must take into account the momentum distri-
bution of the bound electron, responsible for the
rounding, or smoothing, of the Compton edge and
the introduction of some slope in its abrupt drop
[6]. This e!ect is enhanced towards low photon
energies.

The Compton structure was then described by
the Klein}Nishina expression multiplied by a com-
plementary error function that dies close to the
Compton edge energy, E

#
. The form below proved

to be suitable and presents two di!erences to the
expression of Myung et al. [1]: (1) we have the
half-value decrease of the complementary error
function occurring exactly at the Compton edge,
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Fig. 1. 57Co spectrum, measured (data points) and "tted (solid
line). The s2l value for this "t was 1.4.

Fig. 2. 109Cd spectrum, measured (data points) and "tted (solid
line). The s2l value for this "t was 49. Some sum peaks were
included.

Fig. 3. 241Am spectrum, measured (data points) and "tted (solid
line). The s2l value for this "t was 30. Some sum peaks were
included.

E
#
, which is "xed, instead of attributing an extra

parameter for that purpose, and (2) the Compton
structure is not restricted to go to zero for energies
above E

#
, but is let to fade smoothly, as an approxi-

mation to the contribution of multiple Compton
scattering,
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is the Compton edge energy and m
%
c2 is the rest

energy of the electron. In Eq. (5), p
6

is the relative
amplitude and p

7
is related to the width of the

rounding e!ect.

2.4. Compton scattering in the neighborhood

As the photon energy goes below m
%
c2/2+

250 keV, the Compton continuum and the back-

scattering structure exchange their positions, the
latter appearing at a higher energy. When measur-
ing photons with a solid-state X-ray detector, like
a Ge or Si(Li), the experimental spectrum usually
shows a hump to the left of the photopeak, identi-
"ed as the Compton scattering of photons in the
vicinity of the detector crystal (backscattering) with
their subsequent detection. This structure can be
seen in Figs. 1}4, taken with di!erent calibration
sources. Since this structure extends from a min-
imum energy up to the photopeak itself, small-
angle scattering is also present, and could take
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Fig. 4. 152Eu spectrum, measured (data points) and "tted (solid
line). The s2l value for this "t was 82. This "t shows the validity of
the proposed response function. Some sum peaks were included.

place in the source, for instance. The low-energy
end of the hump corresponds to photons of energy
Ec!E

#
, produced by those of initial energy Ec ,

Compton scattered at 1803. Calculations and simu-
lations with the EGS4 code [7], have shown that
the main contribution to this e!ect comes from the
detector holder, inside the end cup, like the copper
cold "nger, etc. We have used a cylindrical graded
shield (25 cm long and about 12 cm internal dia-
meter, with a 2-cm-thick Pb outer layer and a 5-
mm-thick Cu inner one) and the contribution of
photons reaching the detector after being scattered
in the shield was negligible. We have chosen to
simulate its shape as a Dawson integral [8, Fig. 7.2,
on p. 297], but modi"ed as
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where y comes from the linear transformation
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is the relative amplitude and y is the proper
coordinate of the modi"ed Dawson function, given
by the product exp(!y)]erf(y). The parameter
y also controls the shape of the structure through
the scaling factor p

9
, and the complementary error

function in Eq. (8) is there to assure that the struc-
ture vanishes under the photopeak. Finally,
p
10

represents a small amount of freedom given to
the low-energy end of the structure, that should be
the energy of the 1803 Compton-scattered photons,
represented by E

.*/
.

We have added a Gaussian function to the low-
energy end of the hump, given by
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where p
11

is the relative amplitude, p
12

is the width
parameter of the Gaussian with centroid at
E
.*/

and the complementary error function has the
same role as in Eq. (9). The role of this Gaussian is
to produce a tail on the hump. Such a tail is not
necessary for very low photon energies,
Ec(40 keV, because the hump itself grows thin-
ner (but still with observable amplitude), with its
low-energy side closing up to the photopeak as the
photon energy decreases.

2.5. Ge X-ray escape peaks

The characteristic X-rays of the detector material
are generated during the photon interactions inside
the active volume and may escape this volume,
especially if they are generated close to the surface.
When this happens, less energy is collected by the
detector. It is, in general, observed at low photon
energies ([200 keV), as a pair of small peaks to the
low-energy side of the photopeak, at the energies
Ec!E

Ka and Ec!E
Kb . In the case of germanium

detectors these energies are E
Ka"9.87 keV and

E
Kb"10.98 keV with a relative #uorescence yield

of>
Kb/>Ka"0.129 [9]. We describe these peaks as

two Gaussians with centroids at Ec!E
Ka and

Ec!E
Kb , with an amplitude ratio given by
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>
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where p
13

is their relative amplitude.

3. Experiment

Since the energy range of interest is quite low,
the spectra might display features due to some
characteristics of the sources, like self-absorption,
absorption in the source protective window,
photon scattering on the aluminum ring holder, etc.
For this reason we describe the radioactive sources
used in this work and the experimental setup as
well.

3.1. Source preparation

The radioactive sources used in the parameter
mapping and also for the "nal check were prepared
at the LaboratoH rio de Metrologia of the
IPEN/CNEN-SP. The isotopes used were
57Co, 109Cd, 241Am and 152Eu. Their sources had
activities ranging from 0.1 to 0.5 lCi, except for the
57Co source, whose activity was about 0.02 lCi.
The sources were prepared by the droplet tech-
nique: a few drops of the radioactive source were
deposited on the center of a circular polyethylene
foil 0.4-mm-thick, dried with the help of a gentle
nitrogen gas blow. Once dried, they were covered
with another polyethylene foil. For some sources
this cover was 0.4-mm-thick and for others only
0.1-mm-thick, resulting in a front window absorp-
tion of only about 4}5% at 8 keV photon energy.
Each source was held with the help of a pair of
aluminum rings clipping the edges of the polyethy-
lene sheets, then sealing the radioactive materials.
The mounting diameter was 30 mm and the source
diameter (i.e. the diameter of the deposit) was about
10 mm.

3.2. Experimental setup

The Ge X-ray detector, made by EG&G
ORTEC, was composed by a 32-mm-diameter and
10-mm-thick planar Ge crystal, with a 0.3-lm-thick
frontal dead layer. The crystal is enclosed in a hori-
zontal-type cryostat, with an aluminum end-cup
and a 0.25-mm-thick Be window and operates at
!1000 V bias. This detector was put inside an iron
shield shaped as a hollow cylinder, 43-cm-long and
with 10.3 cm internal diameter. The iron thickness
was 10.1 cm. The sources were held by a plastic
holder, and the source to detector distance could be
chosen between 2 and 6 cm.

The setup used standard nuclear spectroscopy
electronics, composed by an Ortec 572 ampli"er,
where the unipolar and pile-up rejection (PUR)
outputs were used respectively as the linear (for
pulse-height analysis, PHA) and gate inputs to
a PC-based Ortec ADCAMt, AD811. The last sig-
nal was used to perform an anti-coincidence, thus
removing the tail piled-up events. The unrejected
pile-up rates, mainly among characteristic X-rays
of the sources, were 5]10~2 s~1 for 241Am and
152Eu, 10~3 s~1 for 109Cd, and negligible for 57Co.
The 4096-channel PHA spectra presented a
typical energy gain of about one-eighth of keV per
channel.

3.3. Spectrum analysis

A set of background-subtracted spectra was pre-
pared, keeping track of the error propagation. The
analyses of these spectra were performed within the
framework of MATLABt, where a complete set of
routines was written to perform a least-squares "t
of the response function, based on the Gauss}
Marquardt algorithm [10, See routine CURFIT].
Due to particularities of the data, like the presence
of characteristic X-rays, the "ts were not done seek-
ing for new or better photon energy values. We did
a simultaneous "t of a linear energy calibration to
the spectra, keeping the energies of the known
photopeaks "xed at the values quoted in the litera-
ture [9].

The "tting procedure was a two-step process: (1)
the parameters present in the response function
were determined for several photon energies by
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Fig. 5. Fit of p
2
, the full width at half maximum.

Fig. 6. Fit of p
4
, related to f

2
, one of the incomplete charge

collection terms.

"tting the experimental spectra of various sources;
(2) the dependence of those parameters with the
photon energy was also "t, using either physically
reasonable or empirical functions. In the "rst stage
the response function contained 13 energy-depen-
dent parameters, p

j
. After the second step, these

became 13 functions, the response function depend-
ing only on the incident photon energy. In other
words, once the photon energy is known, the de-
tector response is completely determined by the
photopeak energy and scaled by the photopeak
area.

Finally, in order to test our response function
model, we have re"tted the spectrum of each
source, obtaining a good agreement. In Figs. 1}3
we show the total spectra for 57Co, 109Cd and
241Am, respectively. Some of the peaks appearing
in intermediary regions were not modelled, i.e.,
were not introduced in the calculations for they
are peak pile-up e!ects. Furthermore, we have
obtained good agreement between the model re-
sponse function and the data when "tting an
152Eu spectrum, which did not participate in the
parameter-mapping procedure. Fig. 4 shows the
results.

4. Conclusions

We have performed a semi-empirical calcula-
tion of the response of an 8 cm3 hiper-pure
germanium X-ray detector in the energy range
6}120 keV.

The values of the 13 parameters obtained for the
photons emitted by the calibration sources
57Co, 109Cd and 241Am allowed the study of these
values as functions of the photopeak energy, Ec , as
can be seen from Figs. 5}10.

This allowed us to choose simple functions of the
photopeak energy, Ec , like constant, straight line or
parabola for most of the parameters. An exception
was the Compton relative amplitude, p

6
, which was

hard to determine because this structure at low
energies is usually buried under the characteristic
X-rays, except for the 57Co source, where a reliable
value for p

6
was obtained. In this case, we have

"tted the experimental values of the Compton scat-
tering cross section for germanium, found in the

literature, and normalized the "t at the energy of
122.061 keV of 57Co, so that the value at that
energy reproduces the value we want for p

6
, and

took the normalized "t as our p
6

dependence
on the photon energy. The continuous lines
shown in Figs. 5}10 are the "ts done for some
of the parameters, and Table 1 contains the
functions used and the resulting values of their
parameters.

Some of the parameters have shown little or no
dependence with the photon energy, as can be seen
from Table 1. In particular, p

10
(the small walk of

the low energy end of the backscattering hump) and
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Fig. 7. Fit of p
6
, the coe$cient of the Compton scattering cross

section. This "t was normalized at the 122.1-keV line in the 57Co
spectrum, to produce the appropriate amplitude.

Fig. 8. Fit of p
8
, the coe$cient of the Compton scattering in the

neighborhood of the detector.

Fig. 9. Fit of p
9
, coe$cient of the linear transformation in the

modi"ed Dawson function, f
5
.

Fig. 10. Fit of p
13

, the coe$cient of the Ge X-ray escape peaks.

p
12

(the width of the Gaussian placed at the low-
energy end of the backscattering hump) show very
little sensitivity to the photon energy at X-ray ener-
gies (i.e. Ec[ 30 keV) and this is explained by the
abruptness of the corresponding structure at those
low energies.

A look at the reduced chi-square values of the
"ts, s2l , presented in Figs. 1}5 reveals that some are
somewhat poor, but one should bear in mind that
the modelled response function does not contain
exact formulations for multiple Compton scatter-

ing, for instance, and that the contributions coming
from the higher-energy gamma rays were taken
only approximately into account, via a constant or
higher-order polynomial background when
needed. That was the case for 152Eu. Another issue
is the presence of characteristic X-rays at the low-
energy part of the range under study, making the
analysis rather complex.

On balance, the description of the experimental
spectra using our response function is faithful
enough for our purposes, the study of low-energy
inner bremsstrahlung data.
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Table 1
Meaning and functional form of the parameters as functions of the photopeak energy, Ec , in MeV

Parameter Meaning Functional form

p
1

Photopeak amplitude Fit for each photopeak
p
2

Photopeak FWHM (MeV) J3.44]10~7#1.70]10~6Ec9.27]10~4

p
3

Incomplete collection coe$cient
p
4

Incomplete collection centroid/slope 2.01!41.7Ec#4.68]102E2c
p
5

Plateau coe$cient 1.54]10~3 exp(!7.25Ec )#6.04 exp(!4.59]102Ec )
p
6

Compton coe$cient 1.11]10~3 exp(!1.40Ec )!1.02]10~3 exp(!67.8Ec)
p
7

Compton edge rounding width 4.60]10~3Ec#1.86]10~1E2c
p
8

Backscattering coe$cient 8.28]10~2!1.40Ec#6.75E2c
p
9

Backscattering scale factor !1.04#89.2Ec!3.35]102E2c
p
10

Backscattering start shift 5.38]10~4!1.72]10~2Ec#2.02]10~1E2c
p
11

Backscattering rounding coe$cient 2.92]10~3!2.43]10~2Ec#6.70]10~2E2c
p
12

Backscattering rounding width 1.55]10~3!4.38]10~2Ec#5.35]10~1E2c
p
13

Ge X-ray escape peaks coe$cient 7.91]10~4 exp(7.35Ec )#4.73]10~1exp(!94.5Ec)
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