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The gamma ray spectrum resolution from a 24! Am-Be source-based prompt gamma ray acti-
vation analysis set-up has been observed to increase in the energy region of interest with en-
closing the Nal detector in a proper neutron and gamma ray shield. We have investigated the
tact that the peak resolution of prompt gamma rays in the region of interest from the set-up
depends on the source activity to the great extent, size and kind of the detector and the geome-
try of the detector shield. In order to see the role of a detector shield, five kinds of the detector
shield were used and finally the proper kind was introduced. Since the detector shield has an
important contribution in the reduction of the undesirable and high rate gamma rays coming
to the gamma ray detector, a good design of a proper shield enables the elimination of the un-
wanted events, such as a pulse pile-up. By improving the shielding design, discrete and distin-
guishable photoelectric peaks in the energy region of interest have been observed in the spec-
trum of prompt gamma rays.
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INTRODUCTION

The prompt gamma neutron activation analysis
(PGNAA) technique has a wide range of applications,
such as process control tasks in manufacturing indus-
try, contraband detection and well logging in oil explo-
ration [1-3]. Detecting concealed threats in hidden
compartments of maritime vessels, and detecting bur-
ied land mine and explosive materials are only some of
the examples of PGNAA method applications as a
non-intrusive tool [4, 5].

Another application of PGNAA is in diagnostic
medicine. The human body, as well as the majority of
explosives, contains a significant amount of nitrogen.
After the capture of a thermal neutron, the nitrogen nu-
cleus emits a characteristic 10.8 MeV gamma ray [6].
The energy of this gamma ray is well above the charac-
teristic energy of gamma rays from neutron capture on
other elements that may usually exist in the sample.

This gamma ray signature appears in the
9-11.5 MeV energy region of the detected spectrum.
The region of interest (ROI), or nitrogen energy re-
gion, is critical in neutron activation analysis applica-
tions for detecting nitrogen.

* Corresponding author; e-mail: panjeh@gmail.com

Nal detectors are still used frequently in indus-
trial PGNAA applications such as “total body nitrogen
estimations” [6-8]. They have the advantages of being
efficient for high-energy gamma rays, rugged, and
they can be used without cooling.

Inadequate shielding of the gamma ray detector
against unwanted radiation can cause detrimental ef-
fects on the detector responses and acquired spectra.

In the present paper the proper shield for a
3" x 3" Nal scintillation detector was investigated
by comparison of a certain number of spectra ac-
quired from different shield designs.

The primary purpose of this paper is to achieve
an easy design in which the three well-known peaks of
nitrogen, 10.8 MeV (photopick), single escape (SE)
and double escape (DE), as a track of the existence of
nitrogen in the sample, have the highest resolution.

METHODS AND PROCEDURES

The geometry of the **'Am-Be source-based
PGNAA set-up employed in the present study is
shown in fig. 1. In order to get relatively maximum
yield in the acquired prompt gamma rays spectra, the
optimum moderator length and the optimum position
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Figure 1. Schematic set-up of the **' Am-Be source based
PGNAA set-up with the source-inside-moderator
geometry

of the 2*! Am-Be neutron source inside the moderator
were implemented. The optimum position is achieved
when the maximum number of thermal neutrons col-
lides with the sample. The geometry consists of a cu-
bical sample (10 cm x 10 cm x 20 cm) and a cubical Pb
shield (10 cm x 10 cm x 20 cm) enclosed in a cubical
high-density polyethylene assay (97%, 30 cm x 40 cm
x 50 cm), in a way that the sample is positioned be-
tween the cubical Pb shield and a gamma ray detector.
APbroom as alow background space enclosing detec-
tor is also considered to omit the background gamma
rays.
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The cubical Pb shield 10 cm thick placed between
the 2*' Am-Be source and the sample is there in order to
obtain a satisfying gamma spectrum compared to sam-
ples’ library spectrum, without interfering with the
241 Am-Be gamma ray component (4.438 MeV) and its
subsequent Compton-scattered gamma rays from the
source capsule. This shield attenuates the 4.438 MeV
gamma rays resulting from the first excited 2+ state in
12C in the >*! Am-Be neutron source [9]. In this way this
Pb shield not only filters the **! Am-Be gamma ray com-
ponent but also moderates neutrons and slightly in-
creases the neutron flux via (n, Xn) interaction.
Depending on the neutron energy, X can be 2 or 3 [10].
Also, due to the fact that natural Pb has a negligible (7,
y) interaction cross-section compared to the sample
neutron capture cross-section [10], the selection of Pb
as a gamma shield for the neutron source in this
PGNAA set-up is the best choice.

The prompt gamma ray spectrum measure-
ments were performed with a 3” x 3” Nal detector and
a?*! Am-Be source with 5 Ci (1 Ci =3.7-10'°Bq) of
activity contained in a standard Amersham X.14 cap-
sules format (code AMN24) that was placed 25 cm
from the detector surface. To reduce a significant
background response in the Nal detector due to the
prompt and radioisotope gamma rays produced by
neutron activation in the Nal crystal, a neutron shield
must be employed. The radioactive capture
cross-section (#, ) for thermal neutrons by '?’I is
about 10727 m?. Figures 2 (a) and 2 (b) show neutron
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Figure 2. Neutron cross-section: (a) BNa, (b) "1, (¢) "B, and (d) 'H and *C
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cross-sections for 2*Na and '?7I, respectively [10]. It
can be seen that the role of iodine in absorbing
low-energy neutrons is greater than that of sodium.
Also the half-life of the radioactive product '?7I is
much shorter (24.99 minutes) than that of *Na
(14.98 hours).When thermal neutrons are captured,
in addition to the prompt gamma rays, the residual el-
ements, 2*Na and '?81, still emit some beta and gamma
radiation. Tables 1 and 2 list the radiation resulting
from the decay of ?*Na and '?®1 [10]. In assessing the
extent of the activation of a Nal(TI) detector, we
should take into account all the possible neutron reac-
tions with the components of the scintillator crystal.
Thermal neutrons usually lead to (n, y) reactions,
while fast neutrons are generally associated with
scattering reactions, and if they occur within the Nal
crystal, they will result in a crystal defect. The contri-
bution of the neutron capture in any neutron shielding
to the final gamma rays spectrum must also be con-
sidered. The types of reaction in these shields depend
on the neutron energy. For absorbing thermal neu-
trons, boron compounds are highly effective [11].

Table 1. Gamma and beta rays from *Ne

Radiation Energy [MeV] Intensity [%]
y 1.368 99.992
y 2.754 99.944
B 0.277 0.053
B 1.390 99.944

Table 2. Gamma and beta rays from '**

Radiation Energy [MeV] Intensity [%]
y 0.443 0.16
y 0.527 0.0154
B 1.682 15
B 2.125 77
B 0.511 0.14
B* 1.254 6

In this work boric acid (H;BO; fine powder, den-
sity of 0.89 g/cm?® was used as a neutron shield material
for the Nal(T1) detector. Neutrons in the vicinity of the
detector may be absorbed by '°B present in the boric
acid. The thermal neutron cross-section of !B is
3840-10%8 m”. Figure 2(c) shows the variation of the 1°B
cross-section as a function of the neutron energy [10].

In the experiment with the configuration shown
in fig. 1, by using the proper detector shield and a thick
layer of Pb in front of the neutron source, the concen-
tration of the “spiked” element was such that prompt
gamma ray photopeaks of interest could be clearly ob-
served, as well as the peaks’ centroids determined
without interference from other photopeaks or contin-

uum. The other gamma rays which were generated by
the sample with the lower energy may have vanished
in the acquired spectrum by those high rate prompt
gamma rays produced due to the existence of carbon
and hydrogen in the moderator. Table 3 shows the en-
ergies of prompt gamma rays with respect to 'H and
12C targets that can be observed in the experimental
spectra [12]. Figure 2(d) shows the neutron cross-sec-
tions of the (n, ) interaction by 'H and '°C targets as a
function of neutron energy [10].

Table 3. Thermal neutron capture gamma rays

Target y [MeV] Intensity [%]

'H 2.223 100.00
0.595 0.36
1.262 47.96

. 1.857 0.24
3.089 0.64
3.684 47.64
4.945 100.00

The accumulation of these high-rate and unde-
sirable gamma-rays especially (2.22 MeV by hydro-
gen) in the detector volume and consequently simulta-
neous pulses that can be piled up highly distort the
spectra in the energy ROL

Pile-up usually has two disturbing effects on the
spectrum. The first is increasing the continuous back-
ground in the ROI[13] due to the pile-up of low-energy
pulses, and the second is the escape of the pulses from
ROI to the higher energy region when the energy of
pile-up pulse is more than the upper level of the ROI.

In order to solve this problem, the Nal detector
itself must be shielded by Pb in a way which filters un-
desirable gamma rays while “welcomes” the prompt
gamma rays originating from the sample.

The first thought is to use an annular Pb shield
for the Nal detector. In this way just the front face of
the detector is exposed to radiation.

Some types of shields for the 3” x 3" Nal(Tl) de-
tector were tested but for comparison and for drawing
conclusions easily just five of them which have signifi-
cant effects on the acquired spectrum are shown in fig. 3.

Figure 3 shows five types of detector shields
made of boric acid (thermal neutron shield) with dif-
ferent thicknesses of the cylindrical layer ranging
from 1 to 3 cm.

Each layer of boric acid shield composed of bo-
ric acid fine powder housed in a thin-walled aluminum
container in which can surround the Nal detector.

The other types of shield are not only consisting
of boric acid but also consist of annular Pb shield cov-
ering the Nal detector side.

Spectra of prompt gamma rays with these kinds
of shield in an one hour were measured by position-
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ing blocks of urea fine powder (CH4N,O, assay 99%,
10 cm x 10 cm x 20 cm) as a sample on the detector
side, between the cubical Pb shield and Nal(TI) de-
tector.

The pulse height spectra were acquired with an
Aptec model 5004 multi channel analyzer (MCA) set,
so that the first 1500 channels corresponded to an en-
ergy range of about 0-12 MeV. The total time for each
measurement was only one hour and the MCA was op-
erated in the stabilized data acquisition mode.

RESULTS AND DISCUSSION

In the PGNAA experiments five types of detec-
tor shield, shown in fig. 3, were positioned around the
detector one by one.

Each of the following figures is based on the one
type of the detector shield. Figure 4 is the spectrum of
urea when the configuration of the detector shield is
the (a) structure shown in the fig. 3. Figures 5 and 6 are
corresponding to the (b) and (c) structures, respec-
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Figure 4. Prompt gamma ray spectrum of urea with (a)
structure

tively. These show that by increasing the thickness of
the cylindrical layer of the boric acid shield the resolu-
tion of the spectrum in the ROI will be higher and the
peaks will be more distinguishable.
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Figure 5. Prompt gamma ray spectrum of urea with (b)
structure
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Figure 6. Prompt gamma ray spectrum of urea with (c)
structure
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Note that by increasing the thickness of the boric
acid shield we cause the reduction of the total gamma
ray flux coming to the detector to a certain extent. As
we can see, having a good resolution in the acquired
spectrum by a thicker layer of the boric acid shield is
not an uncommon reason for a little pile up. Figure 7 is
the spectrum of urea using a bare Nal detector. Figures
8 and 9 are relative to the (e) and (f) structures, respec-
tively, shown in fig. 3.

According to fig. 9 and a comparison between
the other spectra, we can be sure that the best kind of
shield between the used structures is the (f) kind.

A2 cmthick layer of boric acid in the (f) configu-
ration is the optimum for one hour acquisition time,
while in comparison using a 3 ¢cm thick layer of boric
acid to get the similar spectrum and resolution in the
ROI, more than one hour is needed.

To confirm the suitability of using a thick layer
of Pb (10 cm) in front of the neutron source (behind the
sample) and to see its consequent effects on the ac-
quired spectra, another spectrum is also recorded
when the cubical Pb shield is replaced with a cubical
polyethylene (the moderator material).
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Figure 7. Prompt gamma ray spectrum of urea with (d)
structure
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Figure 8. Prompt gamma ray spectrum of urea with (e)
structure

Figure 10 shows the acquired spectrum when
the cubical Pb shield in front of the neutron source
was replaced by a moderator material. In this spec-
trum a high rate neutron source gamma ray compo-
nent (4.438 MeV) completely distorts the whole
spectrum, especially in the ROI. This shows that the
gamma activity of the neutron source is sufficiently
intense to lead pulse pile up and significant back-
ground in the ROL

Also in the high energy region above the 12 MeV a
“footprint” of a high energy gamma ray can be observed.
It is not a real gamma ray emitted from the sample or
source. As was stated previously, at high rates, pulse pile
up can result in apparent peak amplitudes for gamma
rays which are considerably larger than any individual
pulse [13].

Comparing figs. 9 and 10, the idea to use gamma
shield in front of the neutron source behind the sample
position to reduce the portion of the source gamma ray
component in the ROI is highly strengthened. If we use
a neutron source that emits only neutrons this concern
would vanish.
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Figure 9. Prompt gamma ray spectrum of urea with (f)
structure
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Figure 10. Prompt gamma ray spectrum of urea with (f)
structure and the cubical Pb shield in front of the neutron
source replaced with cubical polyethylene
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CONCLUSIONS

This work gives an improved design of a detec-
tor shield based PGNAA set-up and suggests the
proper and optimum size of the detector shield. The
optimum size of the moderator and the distance be-
tween the source and the detector lead to reduce the ac-
quisition time to get a relatively “good” spectrum for a
special sample. By using a proper shield, the acquisi-
tion time and dead time fall down significantly and a
distinguishable spectrum (without the disturbing ef-
fects of pile up) in the ROI can be achieved in a shorter
time (e. g. one hour). On the whole, a large portion of
undesirable gamma rays are subtracted from the total
amount of incidence of radiation to the detector. Thus
we can achieve the better resolution in the recorded
peaks, which is important in the elemental analysis.

Comparing all of the detected spectra, it is well
understood that the (f) structure can delete the effects
of the interfering gamma rays in the ROI not com-
pletely but sufficiently to measure precisely the rela-
tive percentage of the existence of an special element
in a composite material.

Note that providing appropriate shielding for the
detector will thus not only improve the observed spec-
tra but also increase the life of the detector.
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Xamen ITAHIIEX, Xamem M. XAKUMABA]IL, J1ane P. MOTABAJIN

YHAINIPEBUBAILE PATHUX OCOBUHA 241Am-Be U3BOPA Y
AKTHUBAIIMOHOJ AHAJIWU3M KOPUITREILEM IMOTOTHOT HITUTA

IIpu akTHBAMOHO] aHAIHM3H IIPOMIITHAM TaMa 3padeHheM YOUEeHO je f1a ce pe30ynuja CleKTpa
rama 3pauerba u3 **! Am-Be uzBopa yehasa y enepreTckoj o6macTu of uHTEpECa yKonuko ce Nal getekrop
OKPY>KM IIOTOTHOM 3allITUTOM O HEyTPOHA U rama 3pauewa. MicnuTaHo je y K0joj MepH pe30oylyja nuKa
CIIEKTpa TaMa 3paderma y oOJacTH Off MHTEepeca 3aBHCH O aKTHBHOCTH M3BOpPA, BEIWUMHE W BpPCTE
JIETEKTOpa U reoMeTpuje AETEKTOpPCKe 3aluTuTe. Y ILWbY fa ce OfpeiM YTULAj LITUTa AeTEeKTOopa,
ynoTpeObeHO je MeT BPCTU LITUTOBA U, Ha Kpajy, u3abpaH nmpaBu, Kako mITUT 3HAYajHO JONPHUHOCH
yMambeHhy HeKeIJbeHOT ramMa 3padeha Koje CTIDKE Y AETEKTOP, BajbaH MIPOjeKaT MOTOHOT HITHTA CIIpevaBa
HeXeJbeHe fjorabaje, Ha mpuMep, HaroMIIaBame UMITylIca. Y HanpehemeM npojekTa 3aiTuTe y CIeKTpy
OPOMOTHOT raMa 3paderma npuMeheHH Cy JUCKPEeTHH, pa3ABOjeHH (POTOCIEKTPUYHH MHKOBU Y
UCIUTHUBAHO] EHEPreTCKO] 00JIaCTH.

Kwyune peuu: axiiusayuOHa aHaAAU3a upomiiHum 2ama 3paderbem, Nal(Tl), Heyiuponcku ussop, zama
3pauverbe, HeYIPOHCKU WU, OOPHA KUCeAUHA




