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In this study the effect of detector aging in terms of increased dead layer thickness on detector
efficiency has been studied using the Geant4 toolkit. Variation of energy deposition in the de-
tector dead layer with the dead layer thickness has been quantified for various values of inci-
dent y-ray energy considering point isotropic as well as extended sources including the circu-
lar disk source and cylindrical volume sources. For the point isotropic source, the Geant4
computed values of energy loss per particle in the dead layer are found in good agreement
with the corresponding published results with maximum deviation remaining below 2 %.
New results for dependence of geometric, full-energy peak and total efficiency on dead layer
thickness have been studied using Geant4 simulations for various values of y-ray energy, and
for point isotropic and extended sources at various axial and lateral positions. These simula-
tions yield an exponentially decreasing profile of detector aging sensitivity with an increase in
y-ray energy for point isotropic, circular disk and cylindrical volume sources highlighting a

larger decrease in efficiency due to aging for low energy photons.
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INTRODUCTION

HPGe detectors are widely used for quantifica-
tion of radionuclides in environmental samples [1, 2]
as well as neutron activation analysis [3]. These detec-
tors offer high sensitivity along with excellent energy
resolution which is essential for low activity measure-
ments. Precise efficiency calibration is routinely
needed for radio-assay of such samples. This is nor-
mally carried out experimentally. However, it typi-
cally entails various problems including unavailability
of standard calibration sources covering the entire
range of the y-ray energy. Also, these sources must
closely match the geometry of the samples to be ana-
lyzed. In the absence of such sources, the efficiency
transfer method is commonly used [4] which is restric-
tive due to the various approximations involved. Em-
pirical [5] and semi-empirical [6] approaches have
been used in the past where availability of calibration
sources is limited. In such cases, a few available
sources are used for determination of parameters of the
empirical fitting formula, which is then used for the es-
timation of detection efficiency for the sample by us-
ing the corresponding value of y-ray energy and other
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parameters including source-to-detector distance etc.
In such situations, the empirical or semi-empirical for-
mulae serve as an interpolation procedure. Conse-
quently, uncertainty is added to the value of efficiency
due to the various approximations involved.

Exact analytical expressions have also been de-
veloped for direct computation of detector efficiency
[7-9]. These formulae usually involve determination
of the coupling solid angle between source and detec-
tor [10], while incorporating the exponential factor
based interaction probability estimation utilizing a
suitable, photoelectric- or total-attenuation coeffi-
cient. Such expressions prove highly useful due to the
accuracy of the computed results and mostly “direct”
use of formulae. However, for general cases of a prac-
tical nature, the computation of solid angles typically
requires numerical evaluation of integrals which usu-
ally entails computational time and some limited nu-
merical precision due to approximations while per-
forming numerical integrations. Notably, the exact
analytical formulae have been developed for a limited
set of cases to-date. Their derivations tend to be te-
dious and extending the existing formulae to further
geometries of practical interest generally involves
enormous effort.

On the other hand, Monte Carlo methods offer a
reliable way to determine detector efficiency for a
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wide range of applications [11-13]. They belong to a
general class of numerical methods called stochastic
techniques in which detailed stochastic simulations of
the processes are carried out. For detector efficiency
estimation, the Monte Carlo method simulates radia-
tion transport from the source to the detector and
within the active volume of the detector. The simula-
tion process tracks each radiation quanta from the
source to the detector and then within the detector and
along the track it simulates various interactions which
the radiation quanta make within the detector and in
the surrounding material. The tracking is terminated
when either the radiation leaves the active volume of
the detector or when the energy of the radiation falls
below the preset threshold value.

This study discusses the effect of detector aging
on its efficiency. The radiation detector efficiency has
been observed to decrease/degrade with time. In this
regard the detector dead layer has been identified as
playing the dominant role. A thin dead layer has been
reported to improve performance by 32 % for the
Compton suppression spectrometer where two germa-
nium detectors with 126 cm? volume and 1 mm thick
dead layer, and with 90 cm? volume and 0.22 mm thick
dead layer were compared [14]. Similarly Rodenas et
al.[15] carried out Monte Carlo simulations to analyze
the influence of the germanium dead layer on detector
calibration involving environmental radioactivity.
They identified the role played by a transition zone be-
tween the active and inactive regions of the detector. In
another study electronic signals from the detector dead
layer were analyzed experimentally and their contri-
bution towards full-energy peak efficiency (FEPE)
and total- efficiency was quantified [16].

Often sufficiently precise values of detector
dead layer thickness and bulletization are not avail-
able from the manufacturer. Ashrafi et al. developed
and applied a systematic iterative procedure for the
coaxial HPGe detector to match the Geant4 estimated
value of total absorption peak efficiency with the cor-
responding experimental data [17]. Improvements in
the surface dead layer structure were suggested and
the optimum value of dead layer thickness was found
as 0.5 mm along with radial dead layer thickness
starting with 0.7 mm at top to 1.1 mm at the bottom of
the detector.

Strong discrepancies between calculated and
measured efficiency values have been reported by us-
ing manufacturer provided data for detector modeling
[15]. In addition, a transition zone has been identified
between the dead layer and the detector sensitive re-
gion [18]. This zone behaves as an inactive region and
must be treated as further extension of the dead layer
with a thickness not precisely known. Using detailed
sensitivity analysis, the authors have identified the
y-ray energy dependent inactive layer. Discrepancies
in the 5 %-10 % range have been reported between
Monte Carlo calculated values of efficiency and the

corresponding experimental data [19] which are be-
lieved to be due to errors in the manufacturer's values
of detector parameters. These include thickness of
front dead-layer, crystal-to-Be window distance and
effective detector radius. The authors carried out opti-
mization of these parameters using stochastic simula-
tions to match the estimated and experimental values.
In a separate work, Dryak and Kovar [20] used a
collimated photon beam of 59.5 keV from an Am-241
source from various incidence angles on the front face
of an HPGe detector to determine the effective thick-
ness of the dead layer. Likewise, many researchers
found it necessary to optimize the dead layer thickness
in order to remove discrepancies between experimen-
tal observations and corresponding Monte Carlo simu-
lated values [21-31].

Efficiency degradation due to detector aging in
the energy range of 50-170 keV was investigated by
Huy [32] and an increase in the dead layer thickness
was identified as the dominant cause of the degrada-
tion. The relative decrease of the detector's efficiency
with an increase in dead layer thickness, for a point
isotropic source, was calculated by MCNP5 simula-
tions [33] and the values were compared with corre-
sponding experimental measurements. While the pre-
vious studies explored the effect of the dead-layer
thickness increase on detector efficiency for axially
placed pointisotropic sources, this work aims to assess
detector aging induced dead-layer growth on detector
efficiency for point isotropic, circular disk and cylin-
drical volumetric sources in axial as well as off-axial
configurations.

MATERIALS AND METHOD
Geant4 toolkit

Geant4 [34] provides a state-of-the-art frame-
work for simulation of transport of both charged and
neutral particles. It uses the object oriented program-
ming (OOP) approach and exploits classes with hier-
archy for streamlining data handling and ensures data
security through encapsulation. The user code assem-
bles necessary modules from packages for problem
definition. The Geant4 toolkit allows inclusion of
user-defined new classes while the existing classes
can be extended to handle a more complex scenario us-
ing inheritance.

The present work uses the Geant4 version 9.6
with the Standard Physics Library. Efforts have been
made to implement a realistic detector model by incor-
porating all the necessary geometry details. One mil-
lion photon histories have been generated for each
measurement value and the simulations were repeated
thrice with different random seed for better statistics.
In some cases, source biasing has also been imple-
mented for improving computational efficiency.
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Geometry

A coaxial HPGe detector of radius R and height
H with the inner hole of radius Ri and height Hi has
been considered in this work. The source is taken at /4
axial distance and p off-axial distance. For extended
sources, these distances are taken with reference to the
geometric center of the source. All extended sources
were assumed to be uniform and homogeneous.

Detector and source modeling

A detailed Geant4 model of the HPGe detector
has been developed with the detector sensitive region,
dead layer, front window and axial sleeve with materi-
als and dimensions as given in tab. 1, and shown in fig.
1. Point isotropic and extended mono-energetic
sources have been considered in this study. For ex-
tended sources such as the Petri dish and Marinelli
beaker, water was chosen as the fill material with the
y-ray source distributed uniformly in it. Self-attenua-
tion of emitted radiations within the source has been
incorporated in the simulations. All major physics pro-
cesses including photo-electric effect, coherent- and
incoherent scatterings, pair production, Auger effect
etc., have been simulated using the Standard Phys-
ics Model in Geant4 for the energy range covering
0.001 MeV to 10 MeV. Energy cut off values of 30 keV
for electrons and 1 keV for photons have been em-
ployed in the simulations.

RESULTS AND DISCUSSION
Geant4 model validation
Efficiency comparison with MCNP4C data

In order to validate the Geant4 detector model,
simulated values of detector efficiency for point and
Marinelli disk sources have been compared in fig. 2,
with the corresponding published data using
MCNP4C [35]. An HPGe detector of 60 mm length,
60 mm diameter, 40 mm core depth, 10 mm core diam-
eter with 1 mm aluminum cover has been considered.
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Figure 1. Schematic diagram of the HPGe detector
geometry model used in Geant4 simulations (a) Petri
dish source and (b) cylindrical volume source

Table 1. Summary of reference detector dimensions used in various Geant4 simulations carried out in this work

Reported values
Parameter Liye et al.,|Hurtato et al.,| Querol et al., Diaz et al., Diaz et al.,
[37] [19] [36] (point source) [35] (disk source) [35]

Ge crystal diameter [mm] 70 54 30 60 48

Ge crystal length [mm] 21 5 71.1 60 57.0

Ge dead layer [um] 0.3 300 0.3 1 1

Core diameter [mm] - 0.5 9.0 5.0 12

Core depth [mm)] - 41 63.1 40 45
Distance from windows to crystal [mm] 5.5 5.0 4 4 55
Window thickness [mm] 0.5 0.5 0.8 0.5
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Figure 2. Comparison of Geant4 computed full energy
peak efficiency values with the corresponding data
obtained by using MCNP4C simulations for point
isotropic source, circular disk source, and cylindrical
volume source, placed axially at indicated distances from
the HPGe detector

All sources have been placed axially at a 5 mm dis-
tance from the detector surface. It is clear from fig. 2
that Geant4 computed values of efficiency are in good
agreement with the corresponding MCNP4C results
having maximum error below 2 %, and 3 % for point,
and the Marinelli disk sources respectively.

Energy deposition comparison
with MCNPS data

The energy deposition studies in the dead layer
have been carried out using Geant4. A 71.1 mm long
co-axial germanium crystal having a 60 mm diameter
with a 63.1 mm deep core with 9 mm diameter has been
considered in these simulations with the end-cap to
crystal distance as 4 mm. The detector window has been
taken as 8 mm thick aluminum and 0.03 mm Mylar. A
100 cm? polyethylene Petri dish filled with water has
been used as the radiation source. Figure 3 shows the

comparison of Geant4 computed values of the average
energy deposition per particle with the MCNP5 calcu-
lated data for various values of dead layer thickness
[36]. These results are in fairly good agreement with the
corresponding MCNP5 data especially for the higher
energy range. Some deviations between the corre-
sponding values are observed for low energy photons
but the maximum deviation remains below 5 %.

Detector efficiency dependence on
detector aging

The detector aging results in increase of its effec-
tive dead layer thickness and consequently has its im-
pact on detector efficiency values especially in the low
energy range. In order to quantify the impact of in-
creasing dead layer thickness on efficiency values,
Geant4 simulations have been carried out for point
isotropic, circular disk and cylindrical volume sources
placed axially at a distance of # = 3.4 cm from the de-
tector using y-ray energies of Am-241 (59.54 keV),
Cd-109 (87.90 keV), Co-57 (122.06 keV), Cs-137
(661.59 keV) and Zn-65 (1115.52 keV). Standard de-
tector dimensions taken from literature (Querol et al.,
2015) for the n-type HPGe detector have been used in
these simulations. It has been observed that the effi-
ciency decreases with the increase in dead layer thick-
ness (figs. 4-6). It can be seen from the figures that the
decreasing trend is more prominent for lower energies.
This higher aging sensitivity of low energy photons
stems from the fact that lower energy photons have
greater value of photoelectric cross section and conse-
quently, even small changes in effective dead layer
thickness results in substantial attenuation of these
photons within the detector dead layer and a corre-
sponding decrease in detector efficiency.

The effective dead layer thickness for photons
incident on the detector face from various directions
depends on the angle of incidence of photon relative to
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Figure 6. Variation of the Geant4 computed value of
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thickness for various values of y-ray energy for volume
source placed axially at 3.4 cm from the HPGe detector
face

the detector face, the larger the angle the larger will be
the effective dead layer thickness. The distribution of
the angle of incidences depends upon the source posi-
tion relative to the detector. Therefore, the sensitivity
of the detector in terms of detector efficiency has been
studied for variation in the effective dead layer with
the axial and off-axial position of the y-ray source.

Effect of axial displacement of the source

For this a point isotropic source, a disk source
with aradius R =2 cm and a volume source of having a
radius R =2 cm and height /=2 cm have been consid-
ered in Geant4 simulations. The axial distances of
these sources from the detector 4 have been varied in
the 2 to 5 cmrange and the effect on FEPE and total ef-
ficiency have been studied for various y-ray energies.

Since generally the average effective distance
covered through the detector dead layer is larger for a
source closer to the detector face, therefore, detector
efficiency is expected to exhibit higher sensitivity to
dead-layer thickness for sources closer to the detector.
The corresponding results for point isotropic, disk and
volume sources are shown in figs. 7-9. Consistent with
the expectations, Am-241 emitting low energy photon
placed axially closer (£ =2 cm) to the detector yields a
higher value of aging sensitivity compared with the
source placed at axial distance of 2 =4 cm. With in-
creasing y-ray energy, the sensitivity decreases which
is in agreement with the expected behavior.

Effect of off-axial displacement of the source

The off-axial movement of the source relative to
the detector causes greater change in the average ef-
fective distance covered through the detector dead
layer compared with axial configuration. Conse-
quently, a larger variation in the detector efficiency has
to be expected. Geant4 simulations have been carried
out considering the same point, disk and volume
sources, mentioned earlier. The off-axial position (p)
of the sources has been varied from 2 cm to 4 cm while
the axial distance (/) has been kept constant at 4 =3.2
cm and the corresponding effect on detector efficiency
has been quantified. The results are shown in figs.
10-12. Both FEPE and total efficiency values show a
linear decrease with an increase in dead layer thick-
ness with aging. As can be seen in the plots of total ef-
ficiency values, the relative decrease in the efficiency
with the increase in dead layer thickness is greater at
the higher off-axial position than the source position
near the axis. The same trend can be seen for disk and
volume sources. Again due to a higher value of the
photo-electric cross section of lower energy photons,
the variation in the detector efficiency with the off-ax-
ial position and dead layer thickness is more promi-
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Figure 9. Effect of change in axial source to detector distance (/1) on Geant4 computed values of FEPE and total efficiency
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Figure 12. Geant4 computed values of FEPE and total efficiency with detector dead layer thickness for various values of
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Figure 13. Effect of disk source radius (R) variation on
values of FEPE and total efficiency with detector dead
layer thickness for various indicated values of y-ray
energies

nent than the corresponding variation for higher en-
ergy photons.

Effect of the source dimensions

Next Monte Carlo simulations have been run to
study the effect of y-ray source dimensions such as the
radius and length of the source. In order to investigate
the effect of disk source radius on the sensitivity of the
detector with aging, Geant4 simulations have been
carried out for variation of disk source radius from
R=2cmto R =4 cm. The axial distance of the source
from the detector face were kept at # = 3.4 cm. FEPE
and total efficiency values for increasing values of
dead layer thickness and various values of y-ray ener-
gies were estimated. The corresponding results are
shown in fig. 13. It can be seen in the figure that as the
radius of the source is increased the value of FEPE and
total efficiency at any particular dead layer thickness
decreases. Also at larger values of the source radius
the sensitivity of the detector for increasing the dead
layer reduces.

Geant4 simulations have also been carried out
for estimation for FEPE and total efficiency values of
the detector with increasing dead layer thickness for
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Figure 14. Effect of volume source radius (R) variation on
values of FEPE and total efficiency with detector dead layer
thickness for various indicated values of )-ray energies
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Table 2. Comparison of Geant4 computed full-energy peak efficiency values for Petri dish source with the corresponding
experimental data and results obtained by using MCNP simulations

Nucli Energy Rodenas et al, [29] This work
uclide
[keV] Exp. [%] MCNP [%] MCNP/Exp. Geant4 [%] Geant4/Exp.
Am-241 59.54 1.3562 1.3503 0.99565 1.39 1.0251
Cd-109 88.03 4.2463 4.3484 1.024044 422 0.9938
Co-57 122.06 5.7082 5.8236 1.020217 5.71 1.0004
Ce-139 165.85 5.8184 5.7716 0.991957 5.54 0.9522
Hg-203 279.19 4.0476 4.1428 1.02352 4.00 0.9881
Sn-113 391.45 2.9256 3.0912 1.056604 2.84 0.9706
Sr-85 514.01 2.3369 2.4472 1.047199 2.20 0.9413
Cs-137 661.33 1.8801 1.9871 1.056912 1.91 1.0159
Y-88 898.02 1.4794 1.5567 1.052251 1.44 0.9736
Co-60 1173.24 1.1836 1.2621 1.066323 1.12 0.9459
Co-60 1332.2 1.0502 1.1164 1.063036 1.00 0.9523
Y-88 1835.48 8.1958 8.7563 1.068389 0.79 0.9634

various values of source radius and source length. In
this regard first a volume y-ray source placed at an ax-
ial distance of # = 2 cm having a length of 2 cm was
considered in the simulations. The radius of the source
was varied from R =2 cm to R =4 cm. The results are
given in fig. 14. Then the same source was considered
again, this time the radius of the source has been fixed
as R =2 cmand the length was varied from H=2 cmto
H =4 cm. The results are shown in fig. 15. In both, ra-
dius and length variation of the source, a similar trend,
as reported earlier for radius of disk source variation,
has been observed showing that increasing dimen-
sions of the source reducing the absolute values of the
FEPE and total efficiency values as well the sensitivity
of the detector for increasing dead layer thickness.

CONCLUSIONS

In this work the effect of detector aging on the
detector efficiency has been studied using Geant4
Monte Carlo simulations. The detector aging has
been modeled by time proportionate increase in the
detector dead layer. Validation of the Geant4 detec-
tor model developed in this work has been carried
out by comparison of Monte Carlo simulations esti-
mated values of detector efficiencies for point, cy-
lindrical and Marinelli sources with the correspond-
ing published results. The results are found in good
agreement with each other. The Geant4 computed
values of energy deposition per particle within the
dead layer for increasing values of dead layer thick-
ness and for various values of y-ray energy, have
been found in good agreement with the correspond-
ing published data obtained by MCNP4C simula-
tions. The values of detector aging sensitivity ex-
hibit a sharp decrease with an increase in y-ray
energy. The sensitivity of the detector with aging
has been extensively studied for point isotropic,
disk and volume y-ray sources. The values of aging

sensitivity have been found as larger for point
sources while the disk and cylindrical sources have
smaller values. The effects of the source to detector
axial distance and off-axial position of various
sources has also been considered. The results show
that detector efficiency is more sensitive to dead
layer thickness for lower energy photons and less
sensitive for higher energy photons. Besides in-
creasing the source to detector axial and non-axial
distance reduces the sensitivity of detector effi-
ciency to detector dead layer thickness. Lastly the
effects of y-ray source dimensions on the sensitivity
of the detector with detector aging have been inves-
tigated. The results show that the increase in radius
and length of the y-ray sources causes the sensitivity
to reduce but beyond a certain limit the change in di-
mensions of the source has a negligible effect on the
sensitivity of the detector.
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CTYINJA CTOXACTUYKE CUMYJAIMIE OA3UBA HPGe JETEKTOPA N YTUILIAJA
CTAPEBE JETEKTOPA INPUMEHOM GEANT4 INIPOI'PAMCKOI ITAKETA

IIpumeHoM nporpamckor nmakera Geant4 HCIIMTAH je YTUIA] CTaperha JeTEKTOpa Ha e(PUKACHOCT
feTeKTopa Kpo3 noBehame ne6ibrHe MpTBOT ciioja. KBaHTH(UKOBaHa je MpoMeHa IeTIOHOBaHe eHepruje y
MPTBOM CJI0jy AieTeKTOpa ca nmoBehamwem 1e6puHE MPTBOT CJI0ja TMPH Pa3IWIATHM €HeprujaMa yhajgHor
ramMa 3pavema, y3mMajyhu y pa3Marpame TadyKacTH W30TPOIHH H3BOP, M3BOpPE Yy OONWKY JNCKa W
MIIMHAPUYIHE 3aIlIPEMUHCKE U3BOpe. Y CIy4ajy TauKacTOr H30TPOMHOT U3BOpa, IPOpaYyHaTe BPETHOCTH
ryOuTKa eHepruje o CUMYJIMPAHO] YeCTUIM Y MPTBOM CIIOjy carjlacHe Ccy ca ofroBapajyhum o6jaBbeHUM
pe3ynraTnMa, ca MaKCHMAalIHUM OficTymameM ucnoff 2 %. HoBm pesynraTé 3aBHCHOCTH I€OMETPHjCKE
euKacHOCTH, €(PUKACHOCTH JIeTeKIMje MUKa MPU NyHO] €HePruju U YKynHe e(PUKacCHOCTH Of] AeOsbuHe
MPBOT CJ10ja, TOOMjEHN Cy CUMYJIAIMjOM 3a Pa3iInUnTe SHEPTHje YIaJHOr raMa 3padeka 1 3a Ta4KacTe u
HeTauKacTe M3BOpE MPU PA3IMUUTUM aKCHjaJTHUM M JaTepallHuM mo3unmjama. OBe cuMmynanuje najy
€KCITIOHEHIU]aJTHO omajiajyhu mpoui 0ceTIbUBOCTH JIETEKTOPA MPHU CTapeHy ca MOPAaCTOM €Hepruja rama
3padera TauKaCTHX N3BOpPaA, M3BOpa y OOINKY AMCKA U 3alIPEMUHCKAX N3BOPa, yKa3yjyhu Ha Behe onaame
e(pUKACHOCTH YCIIeNl CTaperha IETeKTopa 3a (POTOHE HUCKUX CHepruja.

Kmyune peuu: HPGe, mpitias caoj, citiaperse Oeitiexitiopa, ecpuxacrociui Oettiekitiopa, Monite Kap.ao,
Geant4



