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a b s t r a c t

Prompt gamma ray tests of cylindrical lanthanum halide (LaBr3:Ce) and bismuth germanate (BGO)

gamma ray detectors have been carried out for detection of hydrogen, carbon and oxygen concentra-

tions in bulk samples via inelastic scattering of neutrons using a 14 MeV neutron-based prompt gamma

neutron activation analysis setup. Regardless of its intrinsic activity, the LaBr3:Ce detector showed

superior performance than the BGO detector for the detection of hydrogen, carbon and oxygen

concentrations in benzene, water, toluene, propanol, ethanol and methanol bulk samples. The BGO

detector has a large concentration of oxygen in its detector material and is consequently less sensitive

for oxygen detection in bulk samples. Hence, it is not a suitable choice for oxygen determination in bulk

samples.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

Recent developments of radiation hardened lanthanum-halide
(LaBr3:Ce and LaCl3:Ce) gamma ray detectors with improved light
output, decay time and energy resolution [2,3,6,7,12,14,16,19] have
widened the scope of applications for the Prompt gamma-ray
neutron activation analysis (PGNAA) technique [5,8,10,11,15,17–
20]. Although lanthanum halide detectors have an intrinsic activity
due to radioactive decay of a naturally occurring unstable La isotope,
they have nonetheless been successfully employed in high count
rates studies because this type of detector can handle higher count
rates than the conventional NaI and BGO detectors [3,14–16].
However, because of their intrinsic activity, lanthanum-halide detec-
tors may not be suitable in low-level counting experiments [2,8].

LaBr3:Ce gamma ray detectors [6,8,10,12,14,15] and LaCl3:Ce
gamma ray detectors [2,3,16,19] have outperformed conventional
NaI and BGO detector in terms of light decay time, energy
resolution and high count-rate handling capabilities [3,16]. There-
fore PGNAA setups employing lanthanum halide detectors are
expected to have better performance than those employing NaI
and BGO detectors.

King Fahd University of Petroleum and Minerals, Dhahran, Saudi
Arabia, has acquired a cylindrical |76� 76 mm2 height lanthanum
halide (LaBr3:Ce) and a |102� 102 mm2 height bismuth germinate
(BGO) gamma ray detector for its for element detection in environ-
mental, concrete corrosion, explosive and contraband detection
studies as part of its PGNAA program. These applications require
detector response measurements over a broad gamma ray energy
spectrum ranging from a few keV to tens of MeV. Previously the
response of the LaBr3:Ce detector was tested with low energy
prompt gamma-ray for its use in environmental studies [15].

In the present study the response of the LaBr3:Ce detector has
been tested for high energy gamma rays using a 14 MeV neutron-
based PGNAA setup. Prompt gamma rays with a maximum energy of
6.13 MeV were produced through thermal neutron capture and
inelastic scattering of 14 MeV neutrons from propanol, methanol,
water, benzene and ethanol bulk samples. Moreover, and for the sake
of comparison, the response of a 102�102 mm2 (height�diameter)
BGO detector was also measured for high energy prompt gamma
rays from the above bulk samples. Results of the study are presented
in the following sections.

2. Photopeak efficiency measurement of the LABr3:Ce
detector

Photopeak efficiency of the LaBr3:Ce detector with 347.6 cm3

volume was determined from a measurement of its intrinsic
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activity. The photopeak efficiency was calculated from the ratio of
the measured intrinsic activity count rate and the calculated
intrinsic activity of the detector. The intrinsic activity of the
LaBr3:Ce gamma ray detector was measured using standard NIM
electronics modules described earlier [15]. Fig. 2 shows the pulse
height spectrum of the detector recorded over a period of 151 s. It
shows the 1468 (1436þ32) keV gamma line of the detector’s
intrinsic activity resulting from the sum of the 1436 keV gamma
due to beta decay of 138La isotope and the 32 keV X-ray fluores-
cence peak due to K shell X-ray fluorescence of Ba produced in the
electron capture by La [2,6,8,10]. The intrinsic activity rate was
determined from the integrated counts under the 1468 keV peak.
It was found to be 63.3 counts/s (0.182 counts/cm3 s) for the
LaBr3:Ce detector. An intrinsic activity of 332 Bq was calculated
for the |7.6�7.6 cm2 LaBr3:Ce gamma ray detector using the
published intrinsic activity data [14]. The calculated photopeak
efficiency of the (76�76 mm2) LaBr3:Ce detector was found to be

0.191, which is consistent with the reported values of 0.108 and
0.138 for photopeak efficiency of |4.1�7.6 cm2 and |5.1�7.6 cm2

smaller cylindrical LaBr3:Ce detectors respectively [14].

3. Prompt gamma rays tests of LaBr3:Ce and BGO detectors

The response of the detector was measured for high energy
prompt gamma rays using the 14 MeV neutron-based PGNAA
setup shown in Fig. 1. The setup was built around the 01 beam line
of the 350 keV ion accelerator [1]. The setup consisted of a
|9.0�14.0 cm2 cylindrical plastic container filled with the sample
material and placed 7.0 cm in front of the water-cooled tritium
target, at 01 angle with respect to the 14 MeV neutron beam. The
gamma ray detector was placed at a center-to-center distance of
18.9 cm from the sample, at an angle of 901 with respect to the
14 MeV neutron beam. Tungsten blocks were inserted between
the tritium target beam line and the gamma ray detector to shield
it from direct beam of 14 MeV neutrons. Furthermore, the
detector was shielded from the 14 MeV neutron-induced gamma
ray background by lead blocks inserted between the detector and
the tungsten shield. Finally a paraffin shield was built around the
detector enclosing the lead and tungsten blocks, to shield it from
room-scattered neutrons. The paraffin shield was prepared by
mixing lithium carbonate and paraffin wax in equal weight
proportions. Although the paraffin and lead shields were effective
in shielding the detector against scattered neutrons and back-
ground gamma rays, the gamma ray peaks due to the inelastic
scattering of 14 MeV neutrons from lead were quite pronounced
in the gamma ray detector pulse height spectrum.

A pulsed beam of 14 MeV neutrons was produced via the
T(d,n) reaction using a pulsed deuteron beam with 200 ns width
and a frequency of 31 kHz. The typical pulsed beam current of the
accelerator was 60 mA dc beam current. As shown in Fig. 1, the
fast neutron flux from the tritium target was monitored using a
|7.6�7.6 cm2 cylindrical NE213 fast neutron detector, placed at a
distance of 1.8 m from the target and at a backward angle of 1301
with respect to the beam axis on the opposite side of the LaBr3:Ce
detector gamma-ray detector. The 14.8 MeV neutron flux was
measured to be 106n/cm2/s. The prompt gamma-ray spectrum of
the LaBe3:Ce was recorded for a preset time.

3.1. Prompt gamma ray measurements using LaBr3:Ce and BGO

detectors

The gamma ray response of the LaBr3:Ce detector was mea-
sured for prompt gamma rays produced in the inelastic scattering
of 14 MeV neutrons from hydrogen, carbon and oxygen in
propanol, methanol, water, benzene and ethanol bulk samples.
As shown in Table 1, the hydrogen, carbon and oxygen concen-
trations of the bulk samples were independently measured using
Atomic Absorption Spectrometry in the Department of Chemistry
at King Fahd University of Petroleum and Minerals. The samples
were prepared by filling the plastic containers with the sample
materials and were then irradiated in the 14 MeV neutron based
PGNAA setup. Pulse height calibration of LaBr3:Ce was carried out
using 60Co source and intrinsic activity peak, while BGO detector
pulse height spectrum was calibrated using 60Co source only.
The prompt gamma-ray data from the samples were acquired
for 25 min using a Multichannel Buffer-based data acquisition
system. The neutron flux spectrum was recorded during each run
using the NE213 detector, following the procedure described
earlier [15], and was used later for neutron flux normalization
during data correction. The neutron detector signals were
acquired through a single channel analyzer, whose lower level
was set at half-Cs pulse height bias electronically set by taking

Fig. 1. Schematic of 14 MeV neutron-based setup used for measurement of

hydrogen, carbon and oxygen concentration in bulk samples.

Fig. 2. Intrinsic activity spectrum of the cylindrical 76�76 mm2 (diameter�height)

LaBr3:Ce gamma ray detector.
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Compton edge spectrum of 137Cs gamma ray source with the
NE213 detector [15].

Fig. 3 shows prompt gamma-ray pulse height spectra due to
the inelastic scattering of 14 MeV neutrons from hydrogen,
carbon and oxygen in propanol, methanol, water, benzene and
shielding materials over the 0.30–7.74 MeV energy, taken with
the LaBr3:Ce detector. The gamma ray energies due to the
inelastic scattering of 14 MeV neutrons from lead were previously
reported in the literature in Ref. [9]. They were also measured in
this study and found at 570, 810, 1060 and 2620 keV. Fig. 4 shows
an enlarged portion of the pulse height spectra of Fig. 3 over the
2.10–2.90 MeV energy. It shows the hydrogen peak due to
thermal neutron capture by hydrogen in the bulk samples. The
hydrogen peak has increasing intensity for the samples with
increasing hydrogen listed in Table 1.

Fig. 5 shows the enlarged pulse height spectrum portion of
Fig. 3 over the 3.72–6.15 MeV energy range exhibiting the carbon
and oxygen peaks due to the inelastic scattering of 14 MeV
neutrons from the bulk samples. Fig. 5 shows the single escape
(SE) and full energy peaks of 4.439 MeV prompt gamma ray from
carbon. For the 6.13 MeV prompt gamma ray of oxygen, the full
energy peak along with associated single escape (SE) and double
escape (DE) peaks have also been detected and are shown in
Fig. 5. The 5.10 MeV gamma rays due to inelastic scattering of
14 MeV neutrons from silicon in walls and floor of the room are
interfering with the DE peak of oxygen, thereby increasing the
height of the DE peak of oxygen making it higher than the SE peak
of oxygen. Also single escape peak of silicon was also detected.
The carbon and oxygen peaks intensities have increasing trend
with increasing concentration of carbon and oxygen in the
samples shown in Table 1. The presence of multiple escape peaks
and their interference with other gamma ray peaks of interest in

the pulse height spectrum of the LaBr3:Ce detector make the
spectrum complex.

For the sake of comparison, the response of the BGO detector
was tested for gamma rays in the same energy range as those
used with the LaBr3:Ce detector in the inelastic scattering
of 14 MeV neutrons from toluene, propanol, methanol, water,
benzene and ethanol bulk samples. Fig. 6 shows the gamma ray

Table 1
Elemental composition of propanol, methanol, water, benzene, toluene and ethanol samples.

Compounds Chemical formula Carbon (wt%) Oxygen (wt%) Hydrogen (wt%)

Propanol C3H8O 60.0 26.7 13.3

Methanol CH2O 40.0 53.3 6.7

Water H2O – 87.8 11.4

Benzene C6H6 92.3 0.000 7.7

Toluene C7H8 91.3 0.000 8.7

Ethanol C2H6O 52.2 34.8 13.0

Neutron paraffin shielding (Li¼9.5 wt%) Li2CO3þC25H52 (mixed in equal weight proportions) 50.7 32.4 7.4

Fig. 3. Full prompt gamma ray spectra of LaBr3:Ce gamma ray detector from

activated benzene, propanol, water, methanol and lead shielding.

Fig. 4. Enlarged LaBr3:Ce detector prompt gamma ray spectra of benzene,

activated propanol, water, methanol and lead shielding plotted over 2.10–

2.90 MeV energy range showing hydrogen peak.

Fig. 5. Enlarged LaBr3:Ce detector prompt gamma ray spectra of benzene,

propanol, water and methanol samples plotted over 3.72–6.72 MeV energy range

showing carbon and oxygen peaks along with associated escape peaks.
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pulse height spectrum of the BGO detector due to the inelastic
scattering of 14 MeV neutrons from the bulk samples and the
shielding material over the 0.37–7.89 MeV energy range. Shown in
Fig. 6 are the prompt gamma ray peaks from hydrogen, carbon and
oxygen. Also shown in Fig. 6 are the gamma ray peaks due to the
inelastic scattering of 14 MeV neutrons from lead shield and these
are consistent with energies observed in the LaBr3:Ce spectrum.

Fig. 7 is the enlarged portion of the pulse height spectrum of
the BGO detector over the 1.91–6.22 MeV energy range showing
increasing peak intensities of hydrogen and carbon peaks for
samples with increasing concentrations of hydrogen and carbon
listed in Table 1. Due to the large concentration of oxygen in the
BGO detector, the oxygen peak intensity was insensitive to
variation of oxygen concentration in the ethanol, methanol,
benzene and water samples, but still it showed remarked
increases in intensity of oxygen gamma rays for water sample
containing oxygen contents comparable with detector oxygen
contents. This is the main drawback of the BGO detector in
detecting oxygen in bulk samples using the PGNAA technique.

4. Results and discussion

Data from the LaBr3:Ce and the BGO detector for hydrogen,
carbon and oxygen peaks in the respective pulse height spectra of
the benzene, water, toluene, propanol, ethanol and methanol bulk
samples were analyzed and the net counts under hydrogen,
carbon and oxygen peaks were extracted by subtracting the
container background spectra from the sample spectra. The net
counts were then corrected for dead time and neutron flux
variation. Finally, the gamma ray yield curves as a function of
hydrogen, carbon and oxygen concentration in the bulk samples
were generated. Net counts along with the background counts of
carbon, oxygen and hydrogen peaks of the samples for the
LaBr3:Ce and BGO detectors are listed in Table 2.

Figs. 8 and 9 show the gamma ray yield as a function of
hydrogen, carbon and oxygen concentrations in benzene, water,
propanol, ethanol and methanol samples measured with the
LaBr3:Ce detector. The lines in Figs. 8 and 9 represent results of
hydrogen, carbon and oxygen prompt calculated gamma-ray yields
from benzene, water, propanol, ethanol and methanol samples
obtained through Monte Carlo calculation using MCNP4C code [4]
following the procedure described elsewhere [15]. Figs. 10 and 11
show gamma ray yields as a function of hydrogen and carbon
concentrations in benzene, water, ethanol and methanol samples
measured with the BGO detector. The lines in Figs. 10 and 11
represent results of calculated yields of hydrogen and carbon
prompt gamma-ray obtained from benzene, water, ethanol and
methanol samples using Monte Carlo calculation.

The excellent agreement between the theoretical and experi-
mental yields of hydrogen, carbon and oxygen prompt gamma-
rays as a function of their respective concentrations recorded by
the LaBr3:Ce detector shows its suitability for hydrogen, carbon
and oxygen measurements in contraband and explosive detec-
tion. However, for the BGO detector excellent agreement has been
obtained between the theoretical and experimental yields for
hydrogen and carbon only. Due to lack of sensitivity for oxygen
measurement, the BGO detector is not suitable for oxygen
determination.

Finally from the hydrogen, carbon and oxygen concentration
measurements in benzene, water, propanol, ethanol and metha-
nol bulk samples, the minimum detection limits (MDC) and its
associated error sMDC were calculated for the KFUPM 14 MeV
based PGNAA setup using the relation: MDC¼4.653� (C/P)�

ffiffiffi
B
p

and sMDC¼(C/P)� ½
ffiffiffiffiffiffiffiffiffi
ð2BÞ

p
� for an elemental concentration C mea-

sured under a peak with net counts P and associated background
counts B (under the peak) where the P and B counts integration is
carried out for the same channel width and for the same amount
of time. MDC equation is also called the Curie Equation of
Minimum Detection Limit (MDL) of counts [13].

The minimum detection limits of KFUPM 14 MeV neutron
based PGNAA setup for hydrogen, carbon and oxygen are listed
in Table 3. These were found for |9�14 cm2 cylindrical benzene,
water, propanol, ethanol and methanol samples. The minimum
detection limits of hydrogen and carbon using the BGO detector is
lower than that of the LaBr3:Ce detector because the BGO detector
has a larger size.

5. Conclusion

Performance of LaBr3:Ce and BGO gamma ray detectors were
tested for detection of high energy prompt gamma rays from
hydrogen, carbon and oxygen in ethanol, propanol, methanol,
water and benzene samples using a 14 MeV neutron-based PGNAA
setup. An excellent agreement has been observed between the
experimental and theoretical yields of 2.22, 4.43 and 6.13 MeV

Fig. 6. Full prompt gamma ray spectra of 102�102 mm2 (diameter�height) BGO

gamma ray detector for benzene, ethanol, toluene, water and methanol samples.

Fig. 7. Enlarged BGO detector prompt gamma ray spectra of benzene, propanol,

water and methanol samples plotted over the 3.53–6.53 MeV energy range

showing carbon and oxygen peaks along with associated escape peaks.
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gamma rays as a function of hydrogen, carbon and oxygen
concentrations in ethanol, propanol, methanol, water and benzene
samples. The tests show that, inspite of its intrinsic activity, the

LaBr3:Ce gamma ray detector has superior performance than the
BGO detector for the detection of hydrogen, carbon and oxygen in
ethanol, propanol, ethanol, methanol, water and benzene bulk
samples. Due to its large oxygen content, the BGO detector is not
suitable for the detection of oxygen.

Table 2
Net and background counts from propanol, methanol, water, benzene, toluene and ethanol samples for LaBr3:Ce and BGO detectors.

Sample LaBr:Ce detector BGO detector

Carbon Oxygen Hydrogen Carbon Oxygen Hydrogen

Net

counts

Background

counts

Net

counts

Background

counts

Net

counts

Background

counts

Net

counts

Background

counts

Net

counts

Background

counts

Net

counts

Background

counts

Propanol 5392 56,050 1473 30,500 51,860 161,505 87,409 934,847 – – 352,716 2,031,721

Water – 4511 30,308 45,259 161,505 – – – – 305,489 2,031,721

Benzene 8170 55,853 – – 30,202 161,505 126,939 934,847 – – 228,345 2,031,721

Methanol 3353 55,325 2339 29,808 46,514 161,505 68,054 934,847 – – 177,114 2,031,721

Toluene – – – – – – 122,071 934,847 – – 244,188 2,031,721

Ethanol – – – – – – 55,372 934,847 – – – –

Fig. 8. Integrated normalized experimental yield of hydrogen prompt gamma rays

taken with the LaBr3:Ce detector, plotted as a function of hydrogen concentration

in benzene, propanol, water and methanol samples. The solid line is a Monte Carlo

fit to the experimental data.

Fig. 9. Integrated normalized experimental yield of carbon and oxygen prompt

gamma rays taken with the LaBr3:Ce detector, plotted as a function of carbon and

oxygen concentrations in benzene, propanol, water and methanol samples. The

solid line is a Monte Carlo fit to the experimental data.

Fig. 10. Integrated normalized experimental yield of hydrogen prompt gamma

rays taken with the BGO detector, plotted as a function of hydrogen concentration

in benzene, propanol, toluene, water and methanol samples. The solid line is a

Monte Carlo fit to the experimental data.

Fig. 11. Integrated normalized experimental yield of carbon prompt gamma rays

taken with the BGO detector, plotted as a function of carbon concentration in

benzene, propanol, toluene, water and methanol samples. The solid line is a Monte

Carlo fit to the experimental data.
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