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Background: A variety of inorganic scintillators have been developed and improved for use in 
radiation detection and measurement, and in situ gamma-ray spectrometry in the environment 
remains an important area in nuclear safety. In order to verify the feasibility of promising scintil-
lators in an actual environment, a performance test is necessary to identify gamma-ray peaks 
and calculate the radioactivity from their net count rates in peaks. 

Materials and Methods: Among commercially available scintillators, LaBr3(Ce) scintillators 
have so far shown the highest energy resolution when detecting and identifying gamma-rays. 
However, the intrinsic background of this scintillator type affects efficient application to the en-
vironment with a relatively low count rate. An algorithm to subtract the intrinsic background 
was consequently developed, and the in situ calibration factor at 1 m above ground level was 
calculated from Monte Carlo simulation in order to determine the radioactivity from the mea-
sured net count rate.  

Results and Discussion: The radioactivity of six natural radionuclides in the environment was 
evaluated from in situ gamma-ray spectrometry using an LaBr3(Ce) detector. The results were 
then compared with those of a portable high purity Ge (HPGe) detector with in situ object 
counting system (ISOCS) software at the same sites. In addition, the radioactive cesium in the 
ground of Jeju Island, South Korea, was determined with the same assumption of the source 
distribution between measurements using two detectors. 

Conclusion: Good agreement between both detectors was achieved in the in situ gamma-ray 
spectrometry of natural as well as artificial radionuclides in the ground. This means that an 
LaBr3(Ce) detector can produce reliable and stable results of radioactivity in the ground from 
the measured energy spectrum of incident gamma-rays at 1 m above the ground.

Keywords: LaBr3(Ce), Scintillator, In situ gamma-ray spectrometry, Natural radionuclides, 
137Cs
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Introduction

In situ gamma-ray spectrometry is a useful method to directly identify radioactive 

deposits over a wide area of the ground resulting from a nuclear accident. The results 

from in situ gamma-ray spectrometry at 1 m above the ground can be particularly use-

ful as reference values in mobile survey systems, such as backpack, carborne, and air-

borne surveys. Therefore, to make a good performance of the mobile survey system 

equipped with a gamma-ray spectrometer, it is advisable conduct the in situ measure-

ment at 1 m above the ground using the same spectrometer before mounting in the 
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mobile system. In general, a portable high purity Ge (HPGe) 

detector has been widely used for in situ gamma-ray spec-

trometry in the environment [1-3]. This detector can pro-

duce reliable and stable results with the help of theoretical 

counting efficiency using in situ object counting system 

(ISOCS) software [2-4]. However, there are drawbacks with 

respect to the expense of an HPGe detector, including the 

analysis software and its in situ operation, which affects de-

tector cooling and portability. Therefore, diverse detector 

materials, especially scintillators with a high effective atomic 

number and good energy resolution, have been used in in 

situ measurement of gamma nuclides in radioactive material 

and in the environment as well for the calculation of dose 

rate and radioactivity [5-8].

To evaluate radionuclides using in situ gamma-ray spec-

trometry, the counting efficiency and energy resolution are 

key points to be considered in the selection of a good detec-

tor. A scintillator, such as a large-volume plastic, CsI (Tl), and 

NaI (Tl), is generally used in radiation surveys of radioactive 

materials from a practical point of view, which means time 

and cost constraints. However, a scintillator’s poor energy 

resolution makes its application to the in situ gamma-ray 

spectrometry impractical; broad gamma-ray peaks are dis-

played due to interference with other gamma-rays emanat-

ing from different nuclides. Recently, cerium-doped lantha-

num bromide LaBr3(Ce) scintillator, [9, 10], have proven 

highly attractive owing to having the highest energy resolu-

tion among commercial inorganic scintillators, although the 

intrinsic background in the material itself remains a problem 

to be overcome for detecting the environmental radiation 

with a relatively low count rate. In addition, this scintillator 

type shows good performance as a gamma-ray spectrometer, 

that is, it has high light output, high density, and fast decay 

time compared with other scintillators. 

In this study, a 2"φ × 2.0" LaBr3(Ce) scintillation detector 

(51S51_B380, Saint Gobain, Nemours Cedex, France) with 

an energy resolution of 2.6% at 662 keV was used to identify 

radionuclides distributed in the ground after subtraction of 

the intrinsic background of the detector. First, net count rates 

of gamma-rays emanating from radionuclides distributed in 

the ground were determined in the measured energy spec-

trum. By referring to International Commission on Radiation 

Units and Measurements (ICRU) Report 53 [11], the in situ 

calibration factor of the LaBr3(Ce) detector used, which 

means the counting efficiency at a given geometry to calcu-

late the radioactivity concentration from a measured net 

count rate, was theoretically calculated using the Monte Car-

lo N-Particle (MCNP) code. The distribution of radionuclides 

in the ground was then assigned to be uniform in depth for 

natural radionuclides such as 214Pb, 214Bi, 228Ac, 212Pb, 208Tl, 

and 40K. In contrast, only surface distribution for 137Cs was 

assumed, which represents an early deposit in the ground. 

Finally, the results of the radioactivity concentration in the 

ground using the LaBr3(Ce) detector was compared with 

those of a portable HPGe detector at the same position. 

1. Theory
According to the ICRU Report 53, the radioactivity distri-

bution with the depth in the ground can be expressed in 

terms of Equation 1, as assuming the density of soil is con-

stant in the ground.

(1)

where, A0 is the radioactivity concentration at the surface 

(Bq· kg-1), ρs is the soil density (g · cm-3), z is the depth in the 

ground (cm), λ is the relaxation length (cm), which means 

the depth in the ground that reduce the source intensity to e-1 

(37%) of its maximum intensity, as shown in Figure 1, β is the 

relaxation mass per unit area (g · cm-2) with a form of the 

multiplication of the relaxation length and soil density, 

which means the depth profile of deposited radionuclides in 

the ground, and A means the radioactivity concentration at a 

certain depth (Bq· kg-1 or Bq· m-2). 

Because the recent fallout due to the release from nuclear 

facilities is distributed only in the surface of the ground, the 

Fig. 1. The relative source intensity in the depth according to the re-
laxation mass per unit area.
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relaxation length (λ) approaches to a zero value in Equation 

1. Therefore, the radioactivity concentration is not existed in 

a certain depth of the ground. As time passes, the radionu-

clides in the surface are diffused into the depth of the ground 

and the relaxation length and mass per unit area have a cer-

tain integer to reflect the exponential depth profile of depos-

ited radionuclides, as shown in Figure 1. To calculate the ra-

dioactivity concentration of deposited radionuclides with 

the depth, Equation 1 should be integrated according to ρsz. 

The result is shown in Equation 2. Therefore, the radioactivi-

ty concentration of deposited radionuclides in the ground 

due to the radioactive fallout is generally expressed in the 

unit of Bq· m-2.

A= A0 × β (2)

On the other hand, because the natural radionuclides have 

a uniform intensity of radioactivity with the depth of the 

ground, the relaxation length (λ) approaches to an infinite 

value in Equation 1. This means the radioactivity concentra-

tion at a certain depth (A) should be the same with one at the 

surface (A0) in Equation 1. Therefore, the radioactivity con-

centration of natural radionuclides in the ground is ex-

pressed in the unit of Bq· kg-1.  

Materials and Methods

1. The LaBr3(Ce) detector
An LaBr3(Ce) scintillation detector demonstrates high per-

formance in identifying gamma-rays with good energy reso-

lution compared with other scintillators. However, this type 

of detector has intrinsic background radiations induced from 
138La and 227Ac, which are radioisotopes existing in the natu-

ral lanthanum element with about 0.09% abundance, and 

with a chemically homologous property. Because they are in 

the scintillator material itself, the complicated intrinsic back-

ground energy spectrum is comprised of X- and gamma-rays 

emitted from 138La and their summing effect and alpha emit-

ters in the progenies of 227Ac. Figure 2 shows an example of 

measured energy spectra using a 2"φ× 2.0" LaBr3(Ce) detec-

tor. The solid line reflects measurement at 1 m above the 

ground with environmental and intrinsic background radia-

tion, and the dotted line represents the intrinsic background 

energy spectrum of the LaBr3(Ce) detector, which was mea-

sured in a lead shield with a thickness of about 10 cm. The 

gray area is the energy spectrum of only environmental radi-

ations after intrinsic background subtraction with a cut-off 

count rate below 50 keV. 

An appropriate method should be prepared to subtract the 

contribution of intrinsic background radiations from the 

measured energy spectrum using an LaBr3(Ce) detector. In 

this study, a simple algorithm was developed by subtracting 

the count rate by the energy bin, from 1 to 1,024 bins, be-

tween two energy spectra in the environment and lead 

shield, after their energy calibrations. Two dominant peaks 

induced from the intrinsic background radiation, that is, an 

X-ray peak with an energy of 32 keV and its sum peak with a 

gamma-ray of 1,436 keV from 138La, are always detected in 

the measured energy spectrum in the environment as well 

as the lead shield. The energy calibration with a form of the 

linear regression can then be easily made by using two dom-

inant peaks, because of its sufficient energy distance over the 

whole energy range. The re-arrangement of count rates by 

the energy bin was then conducted such that the energy dif-

ference in the same bin number between two spectra would 

be below 2 keV. Finally, the energy spectrum due to only en-

vironmental radiations without intrinsic background radia-

tions was obtained by subtracting count rates, bin-by-bin, in 

the two energy spectra. 

2. In situ calibration factor
From the measured net count rate, the radioactivity in the 

ground can be calculated by using the in situ calibration fac-

tor, as shown in Equation 3. 

Fig. 2. Energy spectra using a 2"φ×2.0" LaBr3(Ce) detector; at 1 m 
above the ground with environmental and intrinsic background radi-
ations (solid line), in the lead shield to obtain the intrinsic background 
energy spectrum (dotted line), and the only environmental radiations 
after the intrinsic background subtraction and then cut-off count 
rate below 50 keV.
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(3)

where, Ai is the radioactivity concentration in the ground 

by the nuclide, which is expressed in the unit of Bq · kg-1 or 

Bq · m2 for natural and artificial radionuclides, respectively, 

(n′)E is the measured net count rate of gamma-rays with an 

energy E, γE is the emission probability of a gamma-ray, and 

εE and (n′/Aγ)E are the in situ calibration factor at a given ge-

ometry. 

According to ICRU Report 53, the in situ calibration factor 

can be expressed as three variables, as shown in Equation 4. 

Its physical meaning is the theoretical count rate in a detec-

tor due to the source term in the ground, and it depends on 

the source distribution, gamma-ray energy, detector height, 

and detector type, as shown in Figure 3. In this study, the 

2"φ× 2.0" LaBr3(Ce) detector was already assigned to be lo-

cated at 1 m above the ground, and the source term was as-

sumed to be uniform and superficial distribution for natural 

and artificial nuclides, respectively.  

(4)

where, (φ/Aγ)E is the unscattered gamma-ray fluence with 

energy E at the detector height due to the unit source term in 

the ground, (n′0/φ)E is the net count rate in a gamma-ray 

peak with energy E owing to the parallel incidence to the de-

tector axis, which means the detector response, and (n′/n′0)E 

is the angular correction of the detector response at a given 

geometry. 

1) Unscattered gamma-ray fluence

In general, the angular distribution of unscattered gamma-

ray fluence at the detector height, owing to the deposits in 

the ground, can be mathematically expressed as Equations 5 

and 6 for the uniform distribution of natural radionuclides in 

Fig. 3. Schematic of the in-situ calibration factor to calculate the radioactivity in the ground from the measured net count rate.
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the ground and superficial distribution representing the ear-

ly deposit of artificial radionuclides, respectively [7, 8]. 

(5)

(6)

where, ω is the cosine angle, A0 and Aa are the radioactivity 

per unit mass and one per unit area at the surface of the 

ground, ρa is the density of air, μs and μa are the linear attenu-

ation coefficient in soil and air, and h is the height from the 

ground to the detector. 

Finally, the unscattered gamma-ray fluence at the detector 

height, φ (E), can be calculated by integrating its angular dis-

tributions, φ (E, ω), for whole cosine angles. MCNP simula-

tion using a fluence tally can be directly applied to the calcu-

lation of the unscattered gamma-ray fluence. However, to 

meet the condition of the infinite half-space of the ground, 

there are some drawbacks that the source distribution 

should be sufficiently wide in the ground, above a 100 m ra-

dius [12, 13]. In this study, a simple program coded in Excel 

Visual Basic for Applications (VBA), as shown in Figure 4, 

Fig. 4. A simple program coded in Excel VBA to calculate unscattered gamma-ray fluence at a given geometry.

A
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was developed to directly calculate the unscattered gamma-

ray fluence depending on the gamma-ray energy, depth pro-

file (β) in the ground, and detector height. Table 1 shows the 

calculated unscattered gamma-ray fluences at 1 m above the 

ground due to the uniform and superficial source distribu-

tion, respectively, and their comparisons with Health and 

Safety Laboratory (HASL) [14] and ICRU data [11]. A below 

10% difference was generally maintained among them, and 

it is expected that their differences, especially in the HASL 

data, were induced from the data of attenuation coefficients 

used. 

2) Detector response and its angular correction 

When the unscattered gamma-ray fluence previously cal-

culated is incident to the detector, its response should be 

theoretically calculated to produce the in situ calibration fac-

tor. However, since their incident angles to the detector are 

different from each other, they have different responses in a 

detector. This makes the detector response angularly cor-

rected. First, the detector response of the 2"φ× 2.0" LaBr3(Ce) 

detector was calculated using the F8 tally (pulse height tally) 

of the MCNP code under the condition of parallel incidence 

of gamma-ray fluence to the detector axis after distributing 

unit gamma-ray fluence at a 1 m distance from the detector 

in the air. The net count rate by the energy of simulated gam-

ma-rays was then determined in the theoretical energy spec-

trum from the MCNP simulation. Figure 5 shows the calcu-

lated detector response of the LaBr3(Ce) detector used for 

parallel incident gamma-rays. The six-order polynomial re-

gression was successfully conducted in the log-log scale, and 

the polynomial coefficients were used to output the results 

according to the gamma-ray energy. 

The angular correction factor is a function of the unscat-

tered gamma-ray fluence at the detector position and angu-

lar dependence for the detector response [15], and its math-

ematical expression can be shown in Equations 7 and 8. 

(7)

(8)

where, R (E, ω) is the angular dependence of the detector 

response, and n′ (E, ω) and n′0 (E, ω) are the net count rate for 

incident photons at an angle ω and at the reference incidence, 

which means parallel incidence to the detector axis (ω= 0) at 

the calculation of the detector response. Because φ (E, ω) 

and n′0 (E, ω) were already calculated through the developed 

program and MCNP simulation, respectively, the purpose of 

calculating the angular correction factor is because only one 

variable remains, and this can be easily calculated by rotat-

Table 1. Calculation Results of Unscattered Photon Fluence at 1 m Above the Ground Using the Developed Program Coded in Excel VBA

Superficial distribution (β: 0) Uniform distribution (β:∞)

Energy (keV)

(φ/Aγ)E
(Fluence · (γ ·s-1)-1 · g) Ratio Energy (keV)

(φ/Aγ)E
(Fluence · (γ ·s-1)-1 ·cm2) Ratio

ICRU Excel VBA HASL Excel VBA

100 1.72 1.76 1.03 100 2.77 2.55 0.92
200 1.82 1.85 1.01 200 3.91 3.99 1.02
300 1.90 1.90 1.00 364 4.72 5.08 1.08
500 2.01 1.98 0.98 500 5.39 5.66 1.05
662 2.15 2.04 0.99 662 6.15 6.22 1.01

1,000 2.24 2.15 1.00 1,173 8.15 7.70 0.95
1,461 2.32 2.26 1.01 1,460 9.15 8.48 0.93
2,000 2.42 2.35 1.01 2,004 10.8 9.93 0.92

Fig. 5. Calculated detector response of LaBr3(Ce) detector used for 
parallel incident gamma-rays.
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ing the source term around a detector, as shown in Figure 6. 

The gamma-ray fluence with a 1 cm radius was simulated 

in the air several cosine angles of 0°, 15°, 30°, 45°, 60°, 75°, and 

90° in a 1 m distance from the detector. The rotation angle 

was fixed to the center of a LaBr3(Ce) material. Through the 

calculation of theoretical net count rates according to the co-

sine angle using the MCNP code, the angular dependence of 

the detector response was obtained, as shown in Figure 7. 

Fourth-order polynomial regression was successfully con-

ducted at linear scale, and the regression coefficients were 

coded to produce the results at arbitrary energies and solid 

angles. Finally, inserting them into Equation 7, the angular 

correction factor of the 2"φ× 2.0" LaBr3(Ce) detector at 1 m 

height above the ground could be calculated by using the 

calculated unscattered gamma-ray fluence. 

3. Method of the experimental verification
For the feasibility of the calculated in-situ calibration factor 

of the 2"φ× 2.0" LaBr3(Ce) detector, in situ gamma-ray spec-

trometry was conducted at 1 m height above the ground. 

The results were then compared with those of a portable 

HPGe detector with a 40% relative efficiency (Length/Diam-

eter of a crystal: 0.9342, GC4018, Canberra Inc., Meriden, CT) 

and ISOCS software to calculate the theoretical counting ef-

ficiency at the same position. First, natural radionuclides in 

the ground, including 214Pb, 214Bi, 228Ac, 212Pb, 208Tl, and 40K, 

were analyzed at the Korea Atomic Energy Research Institute 

(KAERI) site, on the assumption of their uniform distribu-

tions in the ground. Second, for the application to radioac-

tive deposits, in situ gamma-ray spectrometry using the 

2"φ × 2.0" LaBr3(Ce) and portable HPGe detector was con-

ducted to determine the radioactivity of 137Cs in the ground 

on Jeju Island.   

Results and Discussion

1. The determination of in situ calibration factors
To calculate the radioactivity concentration of natural and 

artificial radionuclides in the ground from the measured net 

count rate of major gamma-rays emanating from them, the 

in situ calibration factor of the 2"φ× 2.0" LaBr3(Ce) detector 

was calculated using the aforementioned methods. Table 2 

Fig. 7. Calculation result of the angular dependence of the detector 
response.
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Fig. 6. The MCNP simulations to calculate the angular dependence of the detector response.
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shows the results of 137Cs and six natural radionuclides with 

superficial and uniform distribution in the ground, respec-

tively, at 1 m above the ground. Three variables in the in situ 

calibration factor are shown from the fourth to fifth columns, 

and their multiplication is shown in the last column. In gen-

eral, because the source term is expressed in the unit of the 

intensity per unit area or mass for the superficial or uniform 

distribution, the different units between them are shown in 

the unscattered gamma-ray fluence at detector height due to 

the source term in the ground. Therefore, the in situ calibra-

tion factor of the LaBr3(Ce) detector used at a given geome-

try, which means the height of 1 m from the infinite half-space 

of the ground, is expressed in the unit of counts· s-1 · (γ · s-1)-1 ·  

cm2 and counts · s-1 · (γ · s-1)-1 · g for the superficial or uniform 

distribution, individually. 

2. Natural radionuclides in the ground
The in situ gamma-ray spectrometry was conducted on 

flatland at the KAERI site. For the reference of the results, a 

portable HPGe detector with ISOCS software was used to 

determine the radioactive concentration of natural radionu-

clides in the ground because of this well-known and widely-

used method. Two measurements using the 2"φ × 2.0" 
LaBr3(Ce) detector were then made 1 m beside the HPGe 

detector, left (P1) and right (P2), at the same site. The height 

of both detectors was set at 1 m above the ground, and the 

counting time at the position was 1,800 and 3,600 seconds 

for the LaBr3(Ce) and the HPGe detector, respectively. The 

measured energy spectra for the count rate are shown in Fig-

ure 8, represented by a black line for the HPGe detector and 

a dark and light gray line for the 2"φ× 2.0" LaBr3(Ce) detector. 

The energy spectra of the LaBr3(Ce) detector were displayed 

Table 2. The In-situ Calibration Factor of 137Cs and Six Natural Radionuclides with Superficial and Uniform Distribution in the Ground, Re-
spectively, at 1 m Above the Ground

Distribution Nuclide Energy (keV)

Unscattered  
gamma-ray fluence

Detector response 
Angular correction  

factor
In situ calibration  

factor

Superficial 137Cs 662 2.040 8.519 0.985 17.107
Uniform 214Pb 352 5.021 13.989 0.988 69.313

214Bi 609 6.042 9.149 0.997 55.133
228Ac 911 6.969 6.461 1.003 45.152
212Pb 239 4.324 17.275 0.988 73.781
208Tl 2,615 11.547 2.603 1.012 30.415
40K 1,461 8.484 4.325 1.008 36.997

*Unit: Fluence · (γ ·s-1)-1 ·cm2 and Fluence · (γ ·s-1)-1 ·g for superficial and uniform distribution, respectively; †Unit: Counts·s-1 ·Fluence-1; ‡Unit: Counts·s-1 · (γ ·s-1)-1 ·  
cm2 and Counts ·s-1 · (γ ·s-1)-1 ·g for superficial and uniform distribution, respectively.

after the intrinsic background subtraction, according to the 

developed subtraction algorithm. In the case of the HPGe 

detector with a high energy resolution, prominent gamma-

ray peaks due to natural radionuclides were well identified. 

Several gamma-ray peaks of natural radionuclides in the en-

ergy spectra using the LaBr3(Ce) detector were well matched 

in the same energy position as that of the HPGe detector. 

1) Net count rate induced from a gamma-ray

Six gamma-ray peaks in the energy spectrum using the 

LaBr3(Ce) detector were selected to analyze the natural ra-

dionuclides. Table 3 shows an example of the calculated net 

count rate in peaks and the information of major gamma-

rays in a peak for the energy spectrum measured at P1. Ow-

ing to the limitation of the energy resolution of the LaBr3(Ce) 

detector used, only peaks 5 and 6 are a singlet induced from 

one gamma-ray, and the others are multiplets contributed 

Fig. 8. Measured energy spectra for count rate using LaBr3(Ce) and 
HPGe detectors at the KAERI.
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Table 3. An Example of the Calculated Net Count Rate in Peaks 
and the Information of Major Gamma-rays in a Peak for the Energy 
Spectrum at Position P1

Peak
Net count rate 
n′ (peak) (s-1)

Major 
nuclide

Information of  
major gamma-rays

Net count rate by 
gamma-ray  

n′ (E) (s-1)

1 1.87±0.28 212Pb 239 keV (43.6%) 1.63±0.24
214Pb 242 keV (7.0%) 0.24±0.04

2 1.66±0.25 228Ac 328 keV (3.0%) 0.47±0.07
338 KeV (11.4%)

214Pb 352 keV (35.6%) 1.19±0.18
3 1.82±0.27 208Tl 583 keV (85.0%) 0.95±0.14

214Bi 609 keV (45.5%) 0.87±0.13
4 0.43±0.06 228Ac 965 keV (5.0%) 0.10±0.02

969 keV (15.9%) 0.33±0.05
5 3.60±0.54 40K 1,461 keV (10.6%) 3.60±0.54
6 0.60±0.09 208Tl 2,615 keV (99.8%) 0.60±0.09

by more than two gamma-rays. According to Equation 3, the 

radioactivity of 40K and 208Tl can be directly calculated from 

the net count rate in peaks 5 and 6, respectively, by applying 

their in-situ calibration factors for major gamma-ray ener-

gies in peaks and their emission probabilities. 

In the case of other natural radionuclides, interference 

correction was applied to separate the contribution of a ma-

jor gamma-ray to be analyzed in a multiplet, such as that of 

239 keV of 212Pb, 352 keV of 214Pb, 609 keV of 214Bi, 969 keV of 
228Ac in peaks 1, 2, 3, and 4, in that order. First, the net count 

rate induced from a gamma-ray of 583 keV of 208Tl in peak 3 

was calculated from the result of peak 6, as shown in Equa-

tion 9. Therefore, the net count rate induced from a gamma-

ray of 609 keV of 214Bi was then determined by subtracting 

the component of 583 keV of 208Tl in the multiplet, as shown 

in Equation 10. Second, the net count rate of 969 keV of 228Ac 

in peak 4 was simply calculated by assuming the same in situ 

calibration factor between two gamma-rays, as shown in 

Equation 11. Third, the net count rate of 352 keV of 214Pb in 

peak 2 was calculated by subtracting the component of 228Ac 

with the same method. The result was then used to calculate 

the component of 242 keV in peak 1, and finally the net 

count rate of 239 keV of 212Pb was determined by subtracting 

the contribution of 214Pb. The last column of Table 3 shows 

the net count rate by gamma-ray in peaks.  

(9)

(10)

(11)

where, ε and γ are the in situ calibration factor and emis-

sion probability of a gamma-ray, and numbers in parenthe-

ses are the energy of gamma-rays in the unit of keV, except 

for n′ (peak 3) and n′ (peak 4), which are the net count rate of 

peaks 3 and 4, respectively.

2) The natural radioactivity and its comparison

From the measured net count rate and in-situ calibration 

factor of the 2"φ× 2.0" LaBr3(Ce) detector used, the radioac-

tivity concentration of natural radionuclides in the ground 

was determined according to Equation 3. In addition, the 

energy spectrum using a portable HPGe detector, as shown 

in Figure 8, was analyzed using ISOCS software to calculate 

its counting efficiency at a given geometry and to determine 

the radioactivity of natural radionuclides. The reference val-

ue of the radioactivity to verify the results of the LaBr3(Ce) 

detector was considered as that from the HPGe detector with 

ISOCS software. That was 38.2 ± 3.3 Bq · kg-1 for 214Pb, and 

36.9± 2.4 Bq· kg-1 for 214Bi in uranium decay series, 48.3± 3.0, 

44.7± 3.7, and 17.7± 0.7 Bq· kg-1 for 228Ac, 212Pb, and 208Tl, re-

spectively, in thorium decay series, and 867± 37 Bq· kg-1 for 
40K. The comparison results between the LaBr3(Ce) and the 

HPGe detector are shown in Figure 9. The column without a 

pattern refers to the results of the HPGe detector, and the 

columns with patterns of diagonal and horizontal lines refer 

to the LaBr3(Ce) detector at 1 m left and right beside the 

HPGe detector at the same site, respectively. 

Fig. 9. Comparison results of calculated natural radionuclides in the 
ground at the KAERI site between LaBr3(Ce) and HPGe detectors.
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For the validation of the results of the LaBr3(Ce) detector, 

its accuracy compared with those of the HPGe detector was 

evaluated with a U-test and relative bias (RB), as shown in 

Equations 12 and 13. The results of the U-test should be be-

low 2.58, which means a level of probability of 99% in order 

to report results without significant difference from the refer-

ence value. The bias should be below the maximum accept-

able bias (MAB), which is generally 20-30% for natural radio-

nuclides from the IAEA analytical quality criteria [16, 17] de-

pending on the degree of difficulty of the test. The validation 

results are shown in Table 4 by dividing them into two posi-

tions. In both measurements, all results of the U-test were 

below 1.50, and this means that the reported result using the 

LaBr3(Ce) detector does not significantly differ from that of 

the HPGe detector. In addition, all results of the relative bias 

were below 26.6%, meaning that reliable results can be made 

in the case of using an LaBr3(Ce) detector. 

(12)

Table 4. Validation Results from the U-test and Relative Bias be-
tween Two Detectors by Dividing Them into Two Positions

Nuclide
Measurement at P1 Measurement at P2

U-test RB (%) U-test RB (%)

214Pb 1.26 26.2 1.50 21.8
214Bi 0.37 5.8 1.32 26.6
228Ac 0.17 2.7 0.73 13.2
212Pb 0.71 13.4 0.97 19.1
208Tl 0.69 11.9 0.01 1.6
40K 0.35 5.7 0.51 8.6

Fig. 10. Site of in situ gamma-ray spectrometry on Jeju Island and detection geometry using two detectors.
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(13)

where, U and RB are the results of U-test and relative bias, 

A and u are the radioactivity and its uncertainty, and the 

subscript of m and r is the measurement results using the 

LaBr3(Ce) detector and the reference value from the HPGe 

detector, respectively. 

3. The determination of deposited radionuclides  
To evaluate the deposited artificial radionuclides in the 

ground, the in situ gamma-ray spectrometry using an LaBr3 

(Ce) detector was conducted at two points on Jeju Island, as 

shown in Figure 10. It has been known that the radioactive 

fallout of 137Cs induced from past atmospheric nuclear tests 

is still distributed in the upper part of the ground owing to 

the property of volcanic ash soil and sediment. The analysis 

result of 137Cs in the ground using the LaBr3(Ce) detector was 

also compared with an HPGe detector at the same site.

1) The radioactivity of 137Cs

Figure 11 shows an example of measured energy spectra 

Table 5. Comparison between Two Results of 137Cs Using LaBr3(Ce) and HPGe Detectors on Jeju Island

Site (GPS) Detector
137Cs

Activity ratio
n′ (E) (s-1) Ai* (Bq/m2)

01 (33.37934, 126.394587) HPGe detector 0.223±0.012 185±15 1.089
LaBr3(Ce) detector 0.291±0.044 201±30

02 (33.446301, 126.780595) HPGe detector 0.207±0.018 172±18 1.073
LaBr3(Ce) detector 0.267±0.040 185±28

*Assumption: The superficial distributions of 137Cs in the ground.

using the two detectors, after intrinsic background subtrac-

tion in the case of the LaBr3(Ce) detector. A gamma-ray peak 

of 137Cs was definitely identified in the measured energy 

spectrum using the LaBr3(Ce) detector at two sites. The net 

count rates were then calculated in a gamma-ray peak with 

an energy of 662 keV in the energy spectrum of both detec-

tors. Because of no interference with other natural gamma-

rays in this peak region, the calculated results directly reflect 

that of 137Cs. The net count rate of 137Cs at 1 m above the 

ground is shown in the third column of Table 5. To calculate 

the radioactivity from the measured net count rate, the in-si-

tu calibration factor of a gamma-ray of 662 keV at a given ge-

ometry was applied to the calculation of Equation 3, on the 

assumption of superficial distribution of 137Cs in the ground. 

As a result, the amount of deposited 137Cs in the ground ac-

counted for about 201± 30 and 185± 28 Bq/m2 at both sites 

of Jeju Island when evaluating the results of the LaBr3(Ce) 

detector. With the same method, the measured net count 

rate of gamma-rays emanating from 137Cs using the HPGe 

detector was also used to calculate radioactivity concentra-

tion using ISOCS software. The comparison between the two 

results using the two kinds of detector is shown in the last 

column of Table 5, and it shows below 10% difference. There-

fore, it can be concluded that in situ gamma-ray spectrome-

try using a 2"φ× 2.0" LaBr3(Ce) detector can produce reliable 

and stable measurement of radioactivity in the ground, 

much in the same way as the already well-known HPGe de-

tector with ISOCS software. 

Conclusion

A 2"φ× 2.0" LaBr3(Ce) detector was applied to in situ gam-

ma-ray spectrometry in an environment to analyze natural 

radionuclides as well as radioactive cesium deposited in the 

ground. First, the method for the intrinsic background sub-

traction of an LaBr3(Ce) scintillator was developed to obtain 

the contributions of environmental gamma-rays in the mea-
Fig. 11. Measured energy spectra for count rate using LaBr3(Ce) 
and HPGe detectors at Site2 on Jeju Island.
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sured energy spectrum. The in situ calibration factor of the 

LaBr3(Ce) detector was then calculated from MCNP simula-

tion at a given geometry, which was 1 m above the ground 

due to the uniform and superficial distribution of natural and 

artificial radionuclides, respectively. After preparing the back-

ground subtraction and calibration factor, the in situ gamma-

ray spectrometry using the LaBr3(Ce) detector was conduct-

ed to verify the analysis results of natural as well as artificial 

nuclides in the ground. The results were compared with those 

of a portable HPGe detector and ISOCS software at the same 

site. Good agreement between them was achieved from the 

validation test. This means that an LaBr3(Ce) detector can pro-

duce reliable and stable readings of radioactivity from depos-

ited radionuclides deposited in the ground.
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