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Purpose: A full-energy-peak (FEP) efficiency correction is required through a Monte Carlo 
simulation for accurate radioactivity measurement, considering the geometrical characteristics of 
the detector and the sample. However, a relative deviation (RD) occurs between the measurement 
and calculation efficiencies when modeling using the data provided by the manufacturers due to 
the randomly generated dead layer. This study aims to optimize the structure of the detector by 
determining the dead layer thickness based on Monte Carlo simulation.

Methods: The high-purity germanium (HPGe) detector used in this study was a coaxial p-type 
GC2518 model, and a certified reference material (CRM) was used to measure the FEP efficiency. 
Using the MC N-Particle Transport Code (MCNP) code, the FEP efficiency was calculated by 
increasing the thickness of the outer and inner dead layer in proportion to the thickness of the 
electrode.

Results: As the thickness of the outer and inner dead layer increased by 0.1 mm and 0.1 μm, the 
efficiency difference decreased by 2.43% on average up to 1.0 mm and 1.0 μm and increased by 
1.86% thereafter. Therefore, the structure of the detector was optimized by determining 1.0 mm 
and 1.0 μm as thickness of the dead layer.

Conclusions: The effect of the dead layer on the FEP efficiency was evaluated, and an excellent 
agreement between the measured and calculated efficiencies was confirmed with RDs of less than 
4%. It suggests that the optimized HPGe detector can be used to measure the accurate 
radioactivity using in dismantling and disposing medical linear accelerators.
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Introduction

Recently, radiotherapy technologies such as intensity-

modulated radiation therapy and volumetric modulated arc 

therapy have substantially advanced, making it possible to 

improve the accuracy of treatment by providing higher-dose 

conformity to the tumor and better sparing of surrounding 

normal organs [1]. In clinical practice, the medical linear 

accelerator is the most typically used radiation generator 

for cancer treatment. Its use is rapidly increasing, and its 

role is becoming crucial [2]. The energy used for radiother-

apy is mainly 6-MV photon beams, but photon beams of 10 

MV or higher than 15 MV are sometimes suitable for treat-

ing deep-seated tumors [3]. However, a high-energy photon 

beam of more than 10 MV can cause neutron contamina-

tion in the linear accelerator head components through a 
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photonuclear reaction (γ, n) and neutron capture reaction 

(n, γ) [4]. Therefore, the concentration of radioactivity must 

be measured in each part when dismantling and dispos-

ing a linear accelerator to classify and manage radioactive 

waste.

High-purity germanium (HPGe) detectors have supe-

rior energy resolution. Therefore, they are widely used 

in gamma-ray spectroscopy to identify gamma-emitting 

nuclides and determine their radioactivity in environ-

mental samples or radioactive waste [5,6]. To measure the 

radioactivity of radionuclides accurately, the full-energy-

peak (FEP) efficiency of the detector must be calibrated, 

considering various geometric characteristics such as the 

size, shape, and composition of each sample [7]. In general, 

efficiency calibration is performed by measuring a certified 

reference material (CRM) with known radionuclide activity 

and gamma-ray emission probability. However, it is chal-

lenging to obtain a complete calibration based only on the 

experimental basis because the linear accelerator is pro-

duced with various materials of part and structures by dif-

ferent manufacturers [8,9]. Thus, in recent years, detection 

efficiency calibration using Monte Carlo simulations has 

become an alternative to experimental methods. Konstanti-

nova et al. used MC N-Particle Transport (MCNP) 6 to cor-

rect the detection efficiency of the coaxial HPGe detector to 

fulfill the 5% to 10% criteria according to the filling height 

of the cobalt-60 (60Co) volume source [8]. Aviv and Elia [10] 

used GEANT4 and FLUKA to correct the FEP difference of a 

broad-energy HPGe detector within 5% of the experimen-

tal value for point-like, filter paper, and water beaker-type 

sources.

The HPGe detector consists of various structures, such as 

an endcap, a cryostat, an IR window, a Ge crystal, and an 

electrode. In particular, the manufacturer provided most 

of the parameter dimensions. However, the dead layer 

thickness varies for each detector as the lithium ions of the 

electrode are non-uniformly diffused into the Ge crystal ac-

cording to the aging degree of the detector, storage temper-

ature, and distribution of impurities [11]. Bölükdemir et al. 

[12] used PHITS to calculate the detection efficiency of an 

HPGe detector from a point source and determined that ap-

plying the thickness provided by the manufacturer caused 

a difference of up to 115% from the experimental efficiency. 

Moreover, the results confirmed that the dead layer thick-

ness showed that the minimum difference differed by 0.59 

mm from that of the manufacturer [12]. That is, a significant 

deviation occurs between the calculated and measured ef-

ficiencies when the data provided by the manufacturer is 

used in the simulation model as it is. Therefore, the dead 

layer thickness for each detector must be determined. In 

this study, the Monte Carlo simulation was used to analyze 

the effect of the dead layer thickness on the detection effi-

ciency of the HPGe detector. Moreover, the dead layer thick-

ness representing the minimum RD between the calculated 

and measured efficiencies was determined to optimize the 

geometry of the detector.

Materials and Methods

1. Experimental measurements

The HPGe detector used in this study was a coaxial p-type 

GC2518 model manufactured by Canberra (Meriden, CT, 

USA) in 2011. The detector has a typical relative efficiency 

and an energy resolution of 25% and 1.72 keV, respectively, 

for the 60Co gamma ray at 1,332 keV.

A CRM, a mixture of ten gamma-emitting nuclides, was 

used as the standard source to determine the FEP efficien-

cy. The CRM was a 40-mL charcoal filter-type solid-state 

source contained in a cylindrical polyethylene container 

with a diameter and height of 62 mm and 28 mm, respec-

tively. Table 1 lists the information on the included gamma-

ray-emitting nuclides. Measurements were performed by 

placing the source on the top of the detector endcap to 

minimize scattering or absorption of the emitted gamma 

rays before reaching the detector. Subsequently, gamma 

spectra acquisition and analysis were performed with Can-

berra’s Genie-2000 spectroscopy software, and all spectra 

were recorded with 8,192 channels in the energy range from 

0 to 3 MeV.

2. Monte Carlo simulation

1) Adjusting the dead layer thickness

The MCNP version 6.2 developed by Los Alamos National 

Laboratory (Los Alamos, NM, USA) was used to perform 
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the modeling of the HPGe detector, based on manufacturer-

provided data except for the dead layer thickness, as shown 

in Fig. 1. Table 2 lists the materials and dimensions of the 

detector of optimal model. The location of the dead layer 

was set to the outer and inner surfaces of the Ge crystal in 

contact with the lithium electrodes. The effect of the detec-

tion efficiency was observed to determine the dead layer 

thickness, where the deviation of FEP efficiency between 

the measured value and the calculated value is within 10%. 

Thus, the outer layer was gradually increased by 0.1 mm, 

and the simulation was repeated while increasing the inner 

layer by 0.1 μm. In addition, the diameter and length of the 

Ge crystal were set to fluctuate depending on the dead layer 

thickness. The CRM was modeled by applying the same 

conditions as the measurements, and the emitted gamma 

rays were transported according to the ENDF/B-VI.8 nucle-

ar data library. Moreover, processes such as coherent and 

incoherent scattering, photoelectric absorption, and pair 

production were considered for photon interactions.

The F8 pulse height tally was included in the MCNP 

simulation input file to acquire the energy spectrum of the 

gamma rays absorbed by the Ge crystal. The result of each 

Table 1. Specification of the CRM*

Nuclides Photon energy (keV) Emission rate (%) Activity (Bq) Uncertainty (%)
241Am 59.54 35.92 672 4.0
109Cd 88.03 3.66 3,603 4.2
57Co 122.06 85.49 215 4.0

136.47 10.71
139Ce 165.86 79.90 211.5 4.0
51Cr 320.08 9.89 21,949 4.0
113Sn 391.70 67.97 571 4.0
85Sr 514.00 98.5 711 4.1
137Cs 661.66 84.99 322 4.0
60Co 1173.23 99.85 445 4.0

1332.49 99.9826
88Y 898.04 93.7 1,055 4.0

1,836.05 99.346

CRM, certified reference material.
*CRM was produced by Korea Research Institute of Standards and Science (KRISS) on May 1, 2022.

Cryostat

Outer eletrode

Outer dead layer

Inner electrode

Inner dead layer

CRM

IR window

Endcap

Detector holder

Ge crystal

Core hole

a b

Fig. 1. Internal structure (a) and section of the high-purity germanium (HPGe) detector in the MC N-Particle Transport (MCNP) code (b). 
CRM, certified reference material.
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tally was recorded in 8,192 energy bins, corresponding to 

the number of detector channels. To achieve sufficient sta-

tistical uncertainty, 108 number of particles (nps) were used 

in each run, and the relative error was less than 1%. 

The Gaussian energy-broadening (GEB) card option was 

used to apply the actual detector-specific energy resolution. 

Moreover, the parameters of the GEB were derived by ap-

proximating Eq. (1):

                         𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 𝑎𝑎 + 𝑏𝑏 ×�𝐸𝐸 + 𝑐𝑐 × 𝐸𝐸� 
  

 (1)

using the least squares method based on each full width 

half maximum (FWHM) obtained by measurement. In the 

equation, E is the energy of the gamma rays emitted by 

each nuclide, and parameters a, b, and c are given in MeV, 

MeV1/2, and MeV−1, respectively. Fig. 2 shows the obtained 

FWHM values, and the coefficients in the fitting Eq. (1) were 

derived as a=0.000700883, b=0.0003105027, and c=7.49585.

2) Determination of the dead layer thickness. 

The FEP efficiency can be defined as the ratio of the peak 

counting rate to the gamma-ray emission rate of the source 

and can be calculated using Eq. (2): 

 𝜀𝜀� =
𝑁𝑁�

𝐴𝐴 × 𝐼𝐼� 

  
 

(2)

where NE is the counting rate of the full energy peak corre-

sponding to energy E in counts per second, A is the activity 

of the source in Bq, and Iγ is the gamma emission probabil-

ity of energy E.

The RD between the measured FEP efficiency (εext) and 

the calculated FEP efficiency (ε sim) can be obtained using 

Eq. (3):

   
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑑𝑑𝑑𝑑 �%� =  (𝜀𝜀��� −  𝜀𝜀���)

𝜀𝜀���  ×  100 

 
 (3)

The detector geometry was optimized by determining the 

dead layer thickness with the minimum RD.

Results

The dead layer thickness where the RD between the mea-

sured and calculated values is minimal was determined by 

repeatedly performing simulations increasing the thick-

ness of the outer and inner dead layers proportionally to 

the thickness of the lithium electrode. The energy range 

was divided into 59.54–514.01 keV and 661.66–1332.5 keV 

so that the RD was within 10%. In addition, normalization 

was performed to minimize the efficiency difference of the 

lowest energy. Fig. 3 shows the average RD according to the 

thickness of each dead layer for all energy ranges. As the 

thickness of the outer and inner dead layers increased by 

0.1 mm and 0.1 μm, respectively, the RD decreased by 2.43% 

on average up to 1.0 mm and 1.0 μm. Subsequently, the RD 
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Fig. 2. Energy and full width half maximum (FWHM) obtained by 
gamma-ray spectroscopy.

Table 2. Materials and dimensions of key parameters of the 
optimal model 

Parameter Material
Dimensions of the 

optimal model 
(mm)

Crystal diameter Germanium 59.8

Crystal length 42

Endcap to crystal distance 5

Hole diameter Vacuum 7.5

Hole depth 23.2

Endcap diameter Aluminum 76

IR window thickness Mylar 0.00846

Kapton 0.10083

Window electrode thickness Lithium 0.42

Outer electrode thickness 0.42

Inner electrode thickness 0.0003

Outer dead layer thickness Germanium 0.1

Inner dead layer thickness 0.1 μm
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increased by approximately 1.86%. Therefore, 1.0 mm and 

1.0 μm were determined as the thicknesses of the dead lay-

ers. In addition, the Ge crystal diameter and length and the 

hole depth varied according to the dead layer thickness.

Table 3 lists the RD before and after optimization. The 

initial model to which the manufacturer information was 

applied was 28.588%, whereas the model optimized by 

the simulation decreased to 3.293% on average. Finally, by 

analyzing the effect of the dead layer by energy, the results 

confirmed that the low-energy band of 514.01 keV or less 

was affected six times more than the high-energy band.

Discussion

Previous studies indicate that the frontal dead layer thick-

ness, Ge crystal diameter and length, and hole dimension 

are the main parameters to accurately calibrate a coaxial 

HPGe detector [13]. The HPGe detector used in this study 

is a coaxial p-type detector manufactured 11 years ago. The 

thicknesses of the outer and inner dead layers with minimal 

difference between experimental and calculated efficien-

cies were determined as 1.0 mm and 1.0 μm, respectively, 

and the dimensions of crystals and holes were optimized. 

The discrepancy between the manufacturer-provided val-

ues and the simulation-optimized values for parameters 

other than the dead layer is due to the uncertainty in the 

dimensions provided by the manufacturers. The manufac-

turer data were measured at room temperature, whereas 

the actual temperature at which the detector was operated 

was approximately −196°C, cooled with liquid nitrogen 
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Fig. 3. Relative difference between the measured and calculated values according to the dead layer thickness.

Table 3. Comparison of the measured and simulated efficiencies of the optimized detector

E (keV) Measured efficiency (%)
Simulated efficiency (%) RD (%)

Initial model Optimal model Initial model Optimal model

59.54 0.0352 0.0986 0.0351 180.24 −0.32

88.03 0.0708 0.0999 0.0687 41.04 −2.98

122.06 0.0812 0.0949 0.0789 16.82 −2.86

320.08 0.0414 0.0426 0.0424 2.87 2.36

391.69 0.0359 0.0353 0.0358 −1.63 −0.25

514.01 0.0270 0.0250 0.0260 −7.41 −3.81

661.66 0.0221 0.0224 0.0236 1.20 6.78

898.04 0.0156 0.0147 0.0158 −5.90 1.33

1,173.24 0.0118 0.0105 0.0115 −10.72 −2.36

1,332.5 0.0107 0.0088 0.0097 −18.05 −9.86

Mean - - - 28.59 3.29

RD, relative deviation.
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[8,14]. Previous studies on the same detector type have re-

ported similar results to the results in this study. In particu-

lar, the results are consistent with those of Loan [15], which 

calculated a dead layer of 0.57 mm for a detector fabricated 

3 years ago. Moreover, Andreotti et al. [11] reported a dead 

layer of 0.8 mm for a detector fabricated 8 years ago. Finally, 

Huy [16] reported a dead layer of 1.46 mm for a detector 

operated for 13 years. In addition, when calibrating the 

detector for general measurement purposes, a relative ef-

ficiency difference within 5%–10% is considered an accept-

able range. However, the efficiency difference in this study 

was within a minimum of 0.2%, a maximum of 9.8%, and an 

average of 3.2%, which are reasonable results [13].

A dead layer is created when lithium ions diffuse into 

the crystal depending on the aging degree of the detec-

tor and the storage temperature, generating a slow pulse 

that increases the loss of charge due to recombination [11]. 

Moreover, due to the incomplete charge collection, a dead 

layer is spread non-homogenously into the crystal so that 

the dead layer thickness is not uniform in all sections. This 

aspect is cumbersome to consider because it is challeng-

ing to analyze the pulse shape for each dead layer section. 

Therefore, a mechanism that can simplify this is necessary 

and will be considered in future research.

Many previous studies analyzed the dead layer influence 

on the efficiency of HPGe detectors, but this study differs 

in several points of emphasis [17]. This study is a prelimi-

nary study to calibrate the self-absorption effect that occurs 

when evaluating the activation degree of the linear accel-

erator with the HPGe detector through Monte Carlo simula-

tion. Therefore, to consider the shape of the linear accelera-

tor component, a volume source rather than a point source 

was used, and both low- and high-energy bands were 

included to consider radionuclides emitted from disposed 

linear accelerator, such as 60Co, 181W, 187W, and 56Mn [18]. In 

addition, the detector used was not provided with the dead 

layer thickness at the time of manufacture, so the location 

of the dead layer was set by dividing the outer electrode and 

the inner electrode into contact, and it was adjusted in pro-

portion to the thickness of the electrode.

Conclusions

In this study, a Monte Carlo simulation code was used 

to analyze the detection efficiency variations of an HPGe 

detector according to the dead layer thickness. Measure-

ments and simulations were performed in the gamma-ray 

energy range of 50–1400 keV. The results confirmed that an 

increase in the dead layer thickness affected the reduction 

of the detection efficiency and that the low-energy region of 

500 keV or less was more affected by the dead layer than the 

high-energy region. In addition, the structure of the detec-

tor was optimized such that the RD was reduced to less than 

4% by comparing the measured and calculated values. The 

implemented method is expected to be applied to calibrate 

n-type and in situ HPGe detectors. In particular, a more 

accurate radioactivity measurement could be possible via 

calibrated HPGe considering the dead layer thickness and 

the shape and components of the measurement sample 

based on the Monte Carlo simulation when dismantling or 

disposing of a linear accelerator in the future.
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