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Determination of the detection efficiency of a
planar HPGe detector with a non-uniform
frontal dead layer�

Lorenzo Brualla,a* Nora L. Maidanab and Vito R. Vaninb

Peak efficiency of a non-uniform frontal dead layer planar detector was simulated with the general purpose Monte Carlo radia-
tion transport code PENELOPE. In a previous publication, using experimental data and an analytical model proposed by Seltzer,
we found the structure and dimensions of the detectors dead layer. In this work, we used our previous results as input for a
Monte Carlo simulation that considered a point source emitting specific photons from 13 to 122 keV, with the energies and
emission probabilities of 241Am, 133Ba, 207Bi, 57Co, 137Cs, and 152Eu calibration sources, placed at 30 cm from the frontal surface
of the detector. The geometry consisted of an amorphous Germanium cylinder, 2.5 cm in diameter and 1.0-cm thick, a 0.025-cm
thick Be window and a 50-�m Al foil used in the experimental setup for irradiations in the Microtron de São Paulo. The simula-
tion model succeeded as well as the analytical model and can be applied to other arrangements. Copyright © 2015 John Wiley
& Sons, Ltd.

Introduction

The dead layers in HPGe detectors can become thicker dur-

ing their lifetime. Furthermore, in a previous publication,[1], we

observed that the thickness of the frontal dead layer of a 5 cc

planar detector was not constant. In that publication, the thick-

ness was determined by two procedures: (i) mapping the frontal

surface with 0.1 and 0.2 cm aperture collimators over a grid of

0.3 � 0.3 cm2 with 14 and 59 keV photons from an 241Am cal-

ibration source; (ii) fitting by the least square method with an

analytical efficiency model[2] for the full-energy absorption peaks

at large source-to-detector distance.

Monte Carlo simulations of radiation transport have been suc-

cessfully used in the past as an alternative method to deter-

mine the detection efficiency or the response function of HPGe

detectors.[3–6] Usually, employing the nominal dimensions of the

detector provided by the manufacturer in the simulated geome-

try yields detection efficiencies that are not compatible with the

experimental observations. Researchers modify either the crystal

dimensions or the dead layer thicknesses, or both, until simula-

tion reaches an agreement with experiment. The initial geometry

model usually employs the nominal dimensions and in a suc-

cession of simulations the dimensions are varied. This process is

time-consuming because it is performed by trial and error, and

each trial requires a set of simulations.

In this article, we refine the simulation process described

earlier for finding the dead layer thickness of a HPGe detec-

tor. Our approach consists of using, as initial geometry model,

the non-uniform frontal dead layers obtained in our previous

publication,[1] derived from the Seltzer model.[2] With a reduced

number of simulations, we were able to identify the thickness of

the dead layers that reproduce the experimental data.

Experimental setup

A planar HPGe 5 cc detector (ORTEC, 1000 series low energy pho-
ton spectrometer) was used to measure cross sections for the
ionization of the K shell by electrons at the São Paulo Microtron
Accelerator (Instituto de Física da Universidade de São Paulo,
Brazil).[7]

For the efficiency calibration, we used the following sources:
133Ba, 152Eu, 207Bi, and 241Am purchased from Amersham, and 57Co
and 137Cs from Laboratório de Metrologia Nuclear-Instituto de
Pesquisas Energéticas e Nucleares, Comissão Nacional de Energia
Nuclear, São Paulo. The full-energy peak efficiency was deter-
mined with the energies of Table 1. The sources were mounted
on an aluminum holder, which was placed at the center of an
irradiation chamber, with a 50-�m thick aluminum window. The
detector, placed outside the irradiation chamber, viewed the pho-
tons emitted from the sources at a distance of 29.95(10) cm from
the frontal surface of the crystal.

Monte Carlo simulation

The general-purpose radiation transport Monte Carlo code
PENELOPE[9–11] was used to simulate the response of the detec-
tor. PENELOPE contains a set of subroutines, which describe the
coupled transport of photons, electrons, and positrons in material
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Table 1. Photon energies (keV) considered for the simulation of each
isotope

241Am 133Ba 207Bi 57Co 137Cs 152Eu

13.928x 30.860x 72.8049x 14.41295 32.0610x 39.91x

26.3446 35.173x 74.97x 122.0607 36.5670x 45.68x

59.5409 53.1622 84.937x 136.4736 121.7817

80.89 87.58x

The energy data were taken from Bé et al.[8]

The energy uncertainties are in the last significant figure.
The superscript x indicates the x-rays, whose energies were computed
as the average of the K˛ and Kˇ energies weighted with their relative
intensities.

systems. The geometrical description of the media is carried out
using bodies limited by quadric surfaces (planes, cylinders, etc.)
Photon interactions are simulated one-by-one in chronological
order, that is, in a detailed manner. Charged particles can either be
simulated following this detailed approach, or using multiple scat-
tering theories, in order to increase the simulation speed. In this
latter approach, hard events, defined as those involving angular
deflections or energy losses above certain cutoffs, are simulated in
a detailed way. All soft collisions encountered between two hard
interactions are lumped together, and they are described by a sin-
gle artificial event. The cutoffs are determined by five user-defined
transport parameters: C1, C2, WCC, WCR, and DSMAX. The aver-
age angular deflection caused by all elastic collisions in a path
length equal to �(hard)

el , the mean free path between hard elastic
collisions, is 1 � exp.�C1/ ' C1 (typical values are in the inter-
val Œ0, 0.1�). This is to say, C1 determines �(hard)

el and, therefore, the
cutoff angle �c used to classify elastic events in the hard and soft
categories. C2 is the maximum fractional energy loss allowed in
a single step. WCC and WCR are the cutoff energies for inelastic
and bremsstrahlung interactions, respectively. DSMAX is an upper
limit for the step length. All particles are transported until their
kinetic energies fall below certain user-defined absorption ener-
gies EABS. Because PENELOPE is a set of subroutines, it requires
a main steering program that, among other tasks, defines the
source of particles and the quantities of interest to be scored. To
that purpose, the code PENEASY[12] was used.

The detector was simulated as a cylinder made of amorphous
germanium with a density � D 5.323 g/cm3. The height of the
cylinder was h D 1 cm and its radius r D 1.25 cm. Three dead
layer regions were defined inside the cylinder:

1. A cylindrical frontal dead layer covering the upstream surface
of the detector. The height of this dead layer is h1 and its
radius r1.

2. A toroidal dead layer with rectangular cross section located in
contact with the frontal dead layer, downstream of it. Its height
is h2. Its inner radius is r2 and the outer radius 1.25 cm.

3. A toroidal dead layer with rectangular cross section located in
contact with the previous one and downstream of it. Its height
is h3, that is, it spanned from the other toroidal dead layer until
the downstream end of the detector. Its inner radius is r3 and
the outer radius 1.25 cm.

The detector geometry is depicted in Fig. 1. Table 2 reports
the values defining the dead layer thicknesses obtained from the
Seltzer model[1] and the simulation model found as described in
the succeeding text.

All simulations included the detector beryllium (� D

1.848 g/cm3) window of thickness 0.025 cm, which was placed in
front of the detector. The upstream surface of the window was
0.6 cm away from the upstream surface of the detector. An alu-
minum (� D 2.6989 g/cm3) window of thickness 50 �m was also
placed in front of the detector with its upstream surface 11.1 cm
from the upstream surface of the detector. This aluminum win-
dow corresponded to the vacuum seal of the irradiation chamber.
Both windows were perpendicular to the symmetry axis of the
detector. Also, both windows were sufficiently large in the perpen-
dicular plane to the symmetry axis so to fully cover the detector
as viewed from the source.

The point-like source was simulated to emit photons in a cone
with semi-aperture �sa D 2.5ı pointing in the direction normal to
the frontal surface of the detector. This aperture illuminated the
whole frontal surface of the detector, giving a wide margin. The
source was placed on the symmetry axis of the detector, 29.95 cm
away from its upstream surface. This simulated geometry repro-
duced the experimental setup.

Initially, six simulations were run using the dimensions
obtained from the previous work (Table 2, ‘previous’ column), one
for each of the following isotopes: 241Am, 133Ba, 207Bi, 57Co, 137Cs
and 152Eu. Only photons with energies in Table 1 were simulated,

Figure 1. Sketch, not to scale, of the simulated crystal, cut through a plane along its cylindrical symmetry axis. The active volume and dead layers are

white and dark gray, respectively.
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Table 2. Dimensions of the planar detector fit-
ted in previous work[1] and those optimized by
simulation

parameter previous current

h 1 cm 1 cm

r 1.25 cm 1.25 cm

h1 2.04�m 3.2�m

r1 1.25 cm 1.25 cm

h2 0.23 cm 0.2 cm

r2 0.802 cm 0.802 cm

h3 0.769796 cm 0.79968 cm

r3 0.928 cm 0.928 cm

The column ‘previous’ shows results from the
simulation published in the reference.[1]

The column ‘current’ shows the results obtained
with the model simulated in this work.

whose intensities were normalized to achieve a total probabil-
ity equal to 1 for each isotope. The simulated peak intensities
found in the tallied pulse height spectra were rescaled after the
simulation using the corresponding experimental x-intensity or
gamma-intensity to obtain the peak efficiencies. With the results
obtained from the six simulations using the dimensions derived
from the Seltzer model, the optimized set of dead layer dimen-
sions was derived, and a new set of six simulations was run.

In all simulations, the absorption energies for photons, elec-
trons, and positrons were set in all materials to 1 keV. WCC and
WCR were also set to 1 keV everywhere. The value assigned to the
parameters C1 and C2 was 0.01, which renders a nearly detailed
simulation. For DSMAX, the suggestion of the authors of PENELOPE

was followed, and the value given to each body was one 10th of
its thickness.[9] No variance-reduction technique was used in the
simulations other than the restriction of the emitted photons in
the forward direction limited by the aforementioned cone.

In every simulation, we tallied the spectrum of the deposited
energy in the active germanium volume, which consists of the
crystal volume excluding the dead layers. In other words, the
energy deposited in the dead layers did not contribute to the
tallied quantity. In all simulations, the number of histories was suf-
ficiently high to reduce the standard statistical uncertainty to less
than 0.01% in the simulated efficiencies.

The efficiency values deduced from the spectra simulated
by PENELOPE must be corrected for the restriction in the
semi-aperture of the source solid angle, �sa. Hence, the efficiency
for each energy Ei , �sim,i , is related to the ratio between simulated
full-energy events to number of histories of photons of energy Ei ,
Psim,i , by the equation

�sim,i D Psim,i
1 � cos �sa

2
. (1)

Results and discussion

The peak efficiencies obtained in the initial set of six simulations
were compared with the experimental data. Figure 2 compares
the experimental efficiency values with those calculated by sim-
ulation and the analytical model, and Table 2 shows the main
detector parameters used in the two procedures. It can be seen

Figure 2. Efficiency of the uncollimated detector as a function of photon

energy. The filled circles are experimental values obtained with calibrated

radioactive sources: 133Ba, 152Eu, 241Am (Amersham), 57Co and 137Cs from

Laboratório de Metrologia Nuclear-Instituto de Pesquisas Energéticas e

Nucleares, Comissão Nacional de Energia Nuclear, São Paulo, and their

uncertainty bars correspond to one standard deviation. The fitted cal-

ibration curve[1] is shown with a line. Simulated efficiencies with the

parameters on Table 2 are represented with crosses (‘previous’) and open

circles (‘current’).

that the efficiencies in the low-energy region are overestimated,
whereas in the high-energy region, they are underestimated.
Nevertheless, the discrepancies were small, and only two itera-
tions in the process of modifying the dead layer thickness were
required to reach a good fit. These iterations consisted of estimat-
ing the changes in thicknesses in the thin and thick dead layers
that would reproduce the experimental values. A new set of simu-
lations run these modified values. This process was repeated twice
until a satisfactory agreement was reached. The simulated values
with the current parameters, shown in Table 2, are displayed by
open circles in Figure 2.

Note that we had fitted the four parameters of the analytical
model to the experimental efficiency values:[1] the central and
intermediate radius and the two dead layer thicknesses that cor-
respond to these regions. When simulating the efficiency, just
changes in the dead layer thicknesses with respect to the ana-
lytical model fitted values were required for a good fit, and we
did not verify whether changes in the radius of the two regions
would have similar effects on the efficiency curve. Because the
simulation and the analytical model eventually yielded almost
identical efficiency curves, it was not needed to make a detailed
investigation on all parameters.

The restriction to photon source emission in a beam towards
the detector, both in the simulation and Seltzer’s model, pre-
cludes from accounting for photon scattering in the source, which
yields a shoulder located at left of the peak, relatively important
at these low energies.[13,14] Hence, in our previous analysis,[1] the
peak areas were extracted from the experimental spectra as the
total number of counts above the continuum part of the spectrum
minus the contribution from the components of the response
function that extended under the full-energy peak, which repre-
sented about 2% of the total peak areas.

The simulation fits the experimental efficiency as well as the
analytical model, as expected, although with altered dead layer
thicknesses. One of the differences between the methodologies
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is that the analytical model assumed normal photon incidence,
while in the simulation, the photons hit the crystal surface with
an angle, which is in general not normal to this surface. This
explains well the slightly thinner toroidal dead layer (change of
0.03 cm in h2) required in the simulation, but not the thicker
central dead layer. This last difference likely arises from the fact
that Seltzer’s model deduces the bulk of photon absorption in
the detector crystal using attenuation coefficients that do not
include coherent scattering. Although it fits better the detec-
tor efficiency, it also corresponds to an increased proportion
of Compton scattering events that reduces a little bit the effi-
ciency, which may have been compensated by the thinner central
dead layer. Therefore, the simulation model, with the dead layers
shown in last column of Table 2, can likely be applied to smaller
source to detector distances while the analytical model will
probably fail.

In the detector model, the inclusion of Ge dead layers, char-
acterized as completely unresponsive regions that attenuate the
photon beam, was sufficient to explain the detection efficiency
in the energy region of interest (11 keV < E < 150 keV)
within the uncertainty of the experimental data. More accurate
comparisons between experiments and simulation should con-
sider more complex models that incorporate incomplete charge
collection regions. These type of regions have been already
mapped in Si detectors[15] and suggested in large volume HPGe
detectors.[16,17] In the detector described in the present work,
we observed an efficiency loss near the edge of the detector.
This phenomenon could be due to a transition layer similar to
that proposed by the Majorana collaboration.[18] However, the
observed loss of efficiency[1] was small when compared with the
experimental uncertainties.

Conclusion

The analytical model proposed by Seltzer can be used to deter-
mine the structure and dimensions of the dead layers present in
a HPGe planar detector. The results obtained from the analytical
model can be used as an initial ansatz for a Monte Carlo simulation
of radiation transport in the detector. Following this approach,
the dimensions of the dead layers can be adjusted in the simula-
tion, and a very good fit between the simulated and experimental
detector efficiency data could be obtained.

A large source-to-detector distance seems to be an impor-
tant requisite for the validity of the analytical model. With the
large source-to-detector geometry used in the calibration showed
here, the assumption of normal incidence of the Seltzer’s model
was acceptable.
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