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Abstract

MCNPS, a Monte Carlo computer code, is used to simulate the detection of TNT-landmines by using
the technique of Fast Neutron Analysis (FNA) to complement Thermal Neutron Analysis (TNA).
This technique utilizes a gamma ray detector to detect gamma rays induced from neutron
interactions with the constituents of a TNT-landmine, H, C, O, and N, concurrently. The detection
heads used in the simulation are composed of combinations of 2 isotopic neutron sources, >>Cf and
21Am-’Be, and 3 gamma ray detectors, Nal, BGO, and LaBr,. One kg of TNT, buried under 3
formation surfaces, sand, CaCO;, and clay at 5 cm, is used as the dummy landmine. Flux ratios of
4 prominent gamma rays with energies of 2.22, 4.44, 6.13, and 10.83 MeV, which are induced from
H, C, O, and N, respectively, are estimated and compared with their corresponding concentration
ratios of the TNT-landmine’s constituents. The estimated flux ratio between gamma rays induced
from H and N based on using LaBr, to detect a TNT-landmine buried under sand agree with their
corresponding concentration ratios between H and N within their error limits. However, the same
ratios based on using other gamma ray detectors to detect a TNT-landmine buried under sand do
not agree with their corresponding concentration ratios. Nevertheless, they are close, being less than
15% different. Other ratios of gamma ray fluxes induced from the TNT-landmine’s constituents
based on using other types of detection heads do not agree with their corresponding concentration
ratios. These results imply that the complementary FNA-TNA technique cannot be used to detect a
1-kg TNT-landmine buried under a sand surface at 5 cm. However, the TNA technique which
utilizes the detections of gamma rays induced from H and N concurrently should be able to detect
such a landmine effectively.
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Introduction

There are about 100 million abandoned
landmines buried under ground in 70 countries
around the world. These landmines cause
serious humanitarian problems (Monin and
Gillimore, 2002) because they either kill or
maim people who accidentally step on them.
It is believed that the numbers of people
accidentally killed exceeds 25000 per year
worldwide with even more maimed. The loss
of life and injury create a tremendous burden
on the governments of affected countries
regarding the hospitalization of its maimed
population. This problem is a consequence of
a lack of efficient landmine detection equipment
and methods. The existing equipment and
methods which have been used for humanitarian
demining (HD) are metal detectors, ground
penetrating radar, sniffer dogs, and probing
sticks. These equipment and these methods
are insufficient for HD because they are too
slow and expensive. There have been recom-
mendations that nuclear techniques which
utilize neutrons and gamma rays be used to
produce more efficient equipment and
methods (IAEA, 1999; 2001; 2003).

Nuclear Technique for Landmine Detection

There are various nuclear techniques
used for landmine detection and one of the
most promising techniques is the neutron-
induced gamma ray technique. This technique
relies on the detection of H, C, N, and O, the
necessary elements of most landmines such as
TNT (C,H;N,Oy). H and C are fuel elements,
O is the oxidizer, and N serves as a bonding
agent that attaches itself to the elements of the
molecule. An example of research work based
on this technique is the Pulsed Elemental
Analysis using Neutrons (PELAN) system
(Vourvopoulos et al., 2003). Recently, there
have been 2 research works which involve
using nuclear techniques to detect landmines.
The first is the work of the Canadian Department
of National Defense which developed a tele-
operated, vehicle mounted, multi-sensor system
to detect anti tank mines on roads and tracks
in peacekeeping operations (Clifford et al.,

2007). Thermal Neutron Analysis (TNA) is
the nuclear technique used in this work. Another
one is the work of researchers at Bubble
Technology Industries Inc., Chalk River,
Ontario, Canada (Faust, 2004). Fast Neutron
Analysis (FNA) in complement with TNA is
used in this work. Since the interference due
to gamma rays induced from fast neutron
interactions with the constituents of ground
formation is too high, the use of the
complementary FNA-TNA technique for
landmine detection is discouraged. However,
the more comprehensive complementary
FNA-TNA technique is used in this work to
study whether it is feasible for landmine
detection.

Complementary FNA-TNA Technique in
Landmine Detection

For landmine detection with the
complementary FNA-TNA technique, both
fast and thermal neutron interactions are
considered concurrently. The fast neutron
interaction occurs when fast neutrons interact
with C and O giving rise to the ?C(n, n’y)'*C-
and '°O(n, n’vy)'*O-inelastic collisions with
subsequent emissions of the 4.44 and 6.13
MeV gamma rays, respectively. Analysis
based on using these interactions is referred to
as FNA. On the other side, fast neutrons can
lose their energies through multiple collisions
with the constituents of the ground formation
and the landmine itself, becoming thermal
neutrons with energies of 0.025 eV. These
neutrons may be captured by H and N,
giving rise to the 'H(n, y)’H- and "“N(n, y)'*N-
neutron capture interactions with the subsequent
emissions of the 2.22 and 10.83 MeV gamma
rays respectively. Analysis based on using
these interactions is referred to as Thermal
Neutron Analysis (TNA). The landmine
detection technique based on using FNA and
TNA concurrently is referred to as com-
plementary FNA-TNA technique which
considers the detections of 2.22, 4.44, 6.13,
and 10.83 MeV gamma rays concurrently as
its detection fingerprints
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Scope of Work

In this work, a Monte Carlo computer
code, MCNPS5, is used to study the feasibility
of using the complementary FNA-TNA
technique in landmine detection by simulation.
This computer code is a general-purpose particle
transport program which uses a statistical
process to simulate the transport of individual
particles and record some aspects of their
average behavior that can be inferred to be the
average behaviors of the particles in a physical
system. Due to limitation on this paper’s space,
details of MCNPS are not given here but can
be obtained from the MCNP manual (X-5
Monte Carlo Team, 2003). The landmine
detection system used for simulation in this
work comprises 3 types of detection heads
and formations and a dummy landmine. A
detection head is composed of a combination
of 2 neutron sources, >2Cf and **' Am-°Be,
and 3gamma ray detectors, lanthanum
bromide (LaBr,: Ce), sodium iodide (Nal
(T1)) ,and bismuth germinate (Bi,Ge,O,,). The
3 types of formations used are dry sand
(8i0,), calcium carbonate (CaCO,), and clay
(a mixture of SiO,, H and Al) with zero water
content. TNT (C,H;N;Oq) is used as the
dummy landmine.

Geometry Model for Simulation

The geometry model of the landmine
detection system used for simulation in this
work has a cylindrical shape with dimensions
as shown in Figure 1. In this model, the TNT-
landmine with a density of 1.65 g/cm? is
buried under sand, calcium carbonate, and
clay formations with densities of 2.12, 2.71,
and 2.6 g/cm?, respectively. The position of
the neutron source is at 5 cm directly under
the gamma ray detector and 5 cm above the
ground formation surface. *>Cf emits neutrons
in 27 directions downward to the landmine
position with watt fission energy function of
AE) = C exp(~Ela) sinh(bE)"?, where a = 1.025
and b = 2.929, respectively. In the case of
21 Am-°Be, the neutron energy distribution is
taken from the graph of Figure 2 of Miri-
Hakimabad et al. (2007) with the same

direction as that of 2Cf. All 3gamma ray
detectors used have a diameter of 12.76 cm
and the TNT-landmines buried under the
ground formations at varying depths (0-20 cm)
have varying masses (290, 500, 750, 1,000,
2000, and 3000 g). To reflect to the material
types of the detectors, the ground formations,
and the landmines used in the simulation, the
same mass fractions of their materials’
elements are as those given in Table 1 of
Maucec and de Meijer (2002) and are entered
as inputs in MCNPS5.

Simulation Results

The combinations of the different types
of detection systems constitute more than 100
simulation cases performed in this work. It is
impossible to show every case of the
simulation results and only those of some
selected cases are shown here. These results
are given in the form of the energy distribution
of pulses (F-8 tally) created by radiation in
association with the gamma ray detectors.
Since, at high energies, the energy resolution
of gamma ray detectors has little effect on the
distribution of pulse height (Orion and
Wielopolski, 2000), the response of the
functions of all the gamma ray detectors used

Figure 1. Geometry models for simulation
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in this work are given in the same form:
FWHM = a + b VE + cE?, where a and c are
approximately equal to 0 and b = 0.06
(Amgarou. et al., 2009).

Simulation Results based on the Detection
of TNT-landmine Buried under Sand

In this section, the simulation results
based on the detection of a 1-kg TNT-landmine
buried at 5 cm under sand are given. Though
other lower TNT-masses are included in the
simulation, their results are not shown here
because the statistics of the 10.8 MeV gamma
rays are not good. These results are based on
using 6 different detection heads: »2Cf/Nal,
21 Am-°Be/Nal, >>Cf/BGO, **' Am-Be/BGO,
»2Cf/LaBr;,, and **' Am-"Be/LaBr;. Figures 2(a)
and 2(b) show the simulation results based
on using »>Cf/BGO- and **'Am-°Be/BGO-
detection heads to detect the TNT-landmine

buried under a sand surface at 5 cm,
respectively. In both Figures, the top and bottom
spectra represent the gamma ray spectra
associated with using »2Cf/BGO- and **'Am-
°Be/BGO- detection heads to detect the TNT-
landmine buried under the sand and on the
surface of the sand, respectively. All 4 prominent
gamma rays, which are the TNT-landmine
detection fingerprints based on TNA and FNA,
appeared on the spectra. They are the 2.22,
4.44, 6.13, and 10.83 MeV gamma rays,
resulting from the 'H(n, y)*H-, >)C(n, n’y)"*C-,
15O(n, n’y)'%0O-, and “N(n, y)"*N-reactions,
respectively. Notice the appearances of gamma
rays induced from the sand’s constituents, the
Si (n,y)-2.23, O (n,0)-4.44, and O (n, n’y)-6.13
MeV-gamma rays in the bottom spectra.
Though the first 2 gamma rays seem not to
give serious interferences with the TNT-
landmine detection fingerprints because of

Table 1.  Parameters used for calculation of concentration ratios of TNT’s constituents (TNT’s molecular
formula: C;H;O(N;)
Relative efficiency (<))
Energy (MeV) o,(b) f; A;
BGO Nal(T1) LaBr,:Ce
H-2.22 1.00 1.00 1.00 0.33 0.62
C-4.44 0.92 0.98 0.67 0.18-0.43 0.72 7
N-10.83 0.54 0.96 0.34 0.11 0.79
e = ——— 1-252, Sand, TNT 1 Kg BGO e E ——— Am-Be, Sand, TNT 1 Kg.BGO
E = z = T e Am-Be, Sand,No Sample, BGO
o - E e Cf-252, Sand,No Sample, BGO 1.0603 &z £ z
F 25§ g3k
{ 3 § & Siema
g a3 ¥3s93

(a)
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2.23,5in.v) ‘
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‘Gamma ray Energy (MeV]
(b)

Figure 2. Simulation results based on using *>Cf/BGO- and *'Am-’Be/BGO- detection heads to detect
TNT-landmine buried under sand surface at 5 cm
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their low cross sections, the 6.13 MeV gamma
rays do. The 6.13 MeV gamma rays definitely
can not be used as a part of the landmine
detection fingerprints because the majority of
them are induced from oxygen, a constituent
of sand.

Notice also the difference in the gaps
between the Compton continuum of the top
and bottom graphs of both Figures. Figure
2(b) shows a smaller gap than that of Figure
2(a). This effect is the result of the difference
between the neutron energies of **' Am-’Be-
and the »?Cf-neutron sources; >*'Am-°Be
gives higher neutron energies than those
of 2Cf. Since higher neutron energy tends
to induce more high energy gamma rays,
2 Am-°Be tends to create higher gamma ray
interferences. All these characteristics also
appeared in the gamma ray spectra based on
using °Cf/Nal-, *! Am-’Be/Nal-, »>Cf/LaBr;-,
and *!Am-’Be/LaBr;- detection heads. Due to
the limits on this paper’s space, the gamma
ray spectra based on using these detection
heads are not shown here.

Figure 3 shows comparisons between
the gamma ray spectra induced from the
detection of a 1-kg TNT-landmine buried under
a sand surface at 5 cm based on using BGO-,
Nal-, and LaBr;- gamma ray detectors. Figure
3(a) and Figure 3(b) represent the gamma ray
spectra based on using ’Cf and ' Am-°Be as

1.00E02 ¢
T T ——— (£-252, Sand, TNT 1 kg, BGO
ExE & . y
1.00£03 Bem & ©1-252, Sand, TNT 1 Kg, Nal(TI)
Ez® = . _ e C-2525and, TNT1KgLaBr
bl - I TP
1.00604 Nj B OSSR £
1 J g 23 2
® P n F3E 9 =
B 100605 Sy TR [ e
Wi L
H o / =
M z
] =
g Looeos s
8
100607 |
\
1.00e-08 !- '
)
il
100509 . NPT . i
o 1 2 3 4 5 & 7 & 9 10 11 12
Garnma ray Energy (MeV]
(@

neutron sources, respectively. It is clear from
both Figures that all 4 prominent gamma rays
appeared on every spectrum. Spectra based on
using BGO and LaBr, show the highest and
lowest Compton continuums, respectively,
while the Nal-spectrum shows the intermediate
value. The Compton continuums of the
gamma ray spectra based on using *' Am-’Be
are higher than those using **Cf, as expected.
These effects suggest that the >>Cf/LaBr;-
detector head has an advantage over the other
detection heads for TNT-landmine detection
because it gives a gamma ray spectrum with
less interference due to the lower Compton
continuum.

Simulation Results of the Detection of TNT-
landmine Buried under CaCO, and Clay

Figures 4(a) and 4(b) show the simulation
results based on using *'Am-°Be/BGO-
detection heads to detect a TNT-landmine buried
under CaCO;_ and clayground formations,
respectively. The top and bottom spectra
represent results based on the detections of
a TNT- landmine buried under the ground
formations and on the surface of the groond,
respectively. Their general characteristics are
also similar to those spectra based on using
sand as the ground formation. However, for
the case of a TNT-landmine buried under
CaCO,, some low cross section gamma rays

—— Am-Be, Sand, TNT 1 kg, BGO
Am-e, Sand, TNT 1 kg, Nai(T1)
= - Am-Be, Sand, TNT 1 kg, 1aBr3

351, SlandMNin, 1)

Count/murce particle

281,Si{n,7)

Figure 3. Simulation results based on using BGO-, Nal- and LaBr,- gamma ray detectors to detect 1-kg of
TNT-landmine buried under sand surface at 5 cm
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(1.61, 1.91, 3.78, and 3.91 MeV) induced from
neutron interactions with Ca, a constituent of
CaCQ,, showed up. Though these gamma rays
seem not to cause any interference, the 4.44
and 6.13 MeV gamma rays induced from C
and O, 2 of the 4 constituents of CaCO,,
respectively, do. They have almost the same
intensities as those induced from the TNT-
landmine’s constituents. These 2 gamma rays
definitely cannot be used as parts of the
fingerprints for TNT-landmine detection
because they cause very high interferences.
In the case of a TNT- landmine buried under
clay, the 2.22 MeV gamma rays induced from
the neutron interaction with H, a constituent
of clay, may be an additional source of
interference. Therefore, only the 10.83 MeV
gamma rays induced from N may be used as a
TNT-landmine detection fingerprint for this
case

Discussion

In this section, ratios between the 2.22, 4.44,
and 10.83 MeV gamma ray fluxes are estimated
and compared with their corresponding
concentration ratios of TNT’s constituents. Since
fluxes of these gamma rays are proportional to
the number of nuclei of TNT’s constituents,
the ratios of these gamma ray fluxes should be
equal to their corresponding concentration

1O0E-02 ¢

T _= — Am-Be, CaCO3, TNT 1kg BGO
S
1OE-03 | "5‘ £ == £ —ees Am-Be, CBCO3, Na Sample, 860
=T 5z S <
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él.oz-ua - ""i" sa9 Y =3
H AN 3 Zw o5
] A\ 38
Eioeos | f s
8 7. ]
= I
2 ]
5 LOE06 |
i \W

LOE-08

Gamma ray Energy [MeV)

(a)

ratios of TNT’s constituents. The next sections
will discuss the derivation of the concentration
ratios of TNT’s constituents.

Derivation of Concentration Ratios of
TNT’s Constituents

Assuming that n; is the number of nuclei
of the ith constituent of TNT, the gamma ray
flux induced from neutron interaction with the
ith constituent, N;, can be written as

ey

where o, is the cross section for producing
the i" gamma ray. The number of nuclei can
be written as n; = pN,A, /M, where p is the
density of the TNT-landmine, N, is the
Avogadro’s number (0.6022 x 10** atoms/mol),
A, is the number of atoms of the i constituent
of the TNT molecule, and M is the molecular
weight of TNT. With the substitution of n, into
Equation (1), we obtain,

N.,=o;n,

PNA;
i~ Y M

Since these gamma rays are produced at

the position of the TNT-landmine, they may

not be detected by a gamma ray detector that

is located at a distance away from the TNT-

landmine. The gamma ray flux detected by a
gamma ray detector can then be written as

@)

seveners Am-Be , Clay, No Sample, BGO
——— AmBe, Clay, TNT 1 kg, BGD

2.3, Hinyland Al in, o)

282, SN (n,y)

353,51 and N [n, 1)

3
£
£ -
3

444, C{n,n}

682,0(n,n)
714,0(n.n")

Count/source partice

REREEEE

Gamma ray Encrgy (MeV)

(b)

Figure 4. Simulation results based on using BGO to detect TNT-landmine buried under CaCOj, and clay

surfaces at 5 cm



Suranaree J. Sci. Technol. Vol. 19 No. 2; April - June 2012 139

C,=N,E Q,f 3) By using Equation (4), the gamma ray
fluxes of the induced prominent gamma rays
where €,, Q,, f, are the relative efficiency can be estimated. The ratio between the 2.22
of the detector, the detector’s solid angle, and and 10.83 MeV gamma ray fluxes can, then,
the gamma ray attenuation factor, respectively. be written as
The gamma ray attenuation factor in Equation
(3) can be calculated from the expression Cy _ 0,ELfu Ay
f; = exp (- (#/p)(px)). In this expression, H .and Cy  OyEnfyAy ®)
x are the gamma ray attenuation coefficient
and the distance between the gamma ray
detector and the TNT-landmine, respectively. The ratios of other gamma ray fluxes,
With the substitution of Equation (2) in Such as Cc/Cy and Cy/Ce, can be obtained in
Equation (3), the gamma ray flux induced the same way. Since gamma rays induced from
from the i constituent of TNT can be written  R€Utron interactions with TNT’s constituents
as are proportional to the number of nuclei of
TNT’s constituents, the concentration ratios of
PN A, TNT’s constituents can be calculated by using

C,=0,€9Q,f (4) Equation (5).

Table 2.  Scaled photo peak net areas of the prominent gamma rays resulting from the detection of 1 kg
TNT-landmine buried under sand surface at 5 cm

#2Ctf #Am-’Be
Energy
BGO Nal(Tl) LaBr;:Ce BGO Nal(Tl) LaBr;:Ce

222 78255.00 30211.00 69958.00 85446.00 22760.00 60868.00
+279.74 +173.81 +264.50 +292.31 +150.86 +246.71
4.44 7460.00 3319.00 7689.00 7460.00 7522.00 14437.00
+86.37 +57.61 + 87.69 +86.37 +86.73 +120.15
10.83 1274.00 826.00 623.00 1404.00 490.00 528.00
+35.69 +28.74 +24.96 +37.47 +22.14 +22.98

Table 3. Comparisons between calculated (theory) concentration ratios of TNT’s constituents and
simulated gamma ray flux ratios

BGO Nal(TI) LaBr,:Ce
Ratio
Theory *2Cf 'Am-’Be Theory **Cf 'Am-’Be Theory **Cf 2*'Am-’Be

Cy/Cy 72.67 61.42 60.86 36.58 46.45 112.29 115.28
40.88 115.41

+1.73 +1.64 +1.29 +2.12 +4.52 +5.04

C/Cy 58.63 5.86 5.31 4.02 15.35 12.34 27.34
35.13 67.81

+0.18 +0.15 +0.16 +0.72 +0.36 +1.21

CuCc 1.24 10.49 11.45 9.10 3.03 9.10 4.22
1.16 1.7

+0.13 +0.14 +0.17 +0.04 +1.74 +0.04
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Comparisons between Gamma ray Flux
Ratios and Concentration Ratios of TNT’s
Constituents

In this section, comparisons between the
ratios of gamma ray fluxes resulting from the
detection of the TNT-landmine buried under a
sand surface at 5 cm and the concentration
ratios of TNT’s constituents are made. The
ratio of gamma ray fluxes between the 2.22
and 10.83 MeV gamma rays can be obtained
by taking the ratio of the scaled photo peak
net areas of the simulated gamma ray spectra
as shown in Table 2; (values are multiplied by
the neutron source strength, 5 x 108 n/s). The
corresponding concentration ratio (Cy/Cy)
can be obtained by using Equation (5) and the
parameters in Table 1.

As shown in Table 3, agreements between
the simulated gamma ray flux ratios and the
concentration ratios of TNT’s constituents
within their error limits are obtained in the
Cu/Cy ratios based on using **Cf/LaBr,- and
24 Am-"Be/ LaBr,- detection heads. However,
the Cy/Cy ratios based on using other detector
heads do not agree with their corresponding
concentration ratios, even though they are
quite close (being less than 15% different).
These results suggest that TNA can be used to
detect a 1 kg TNT- landmine buried under
sand at 5 cm effectively. Similar results are
obtained for the case of a 1 kg TNT-landmine

buried under CaCO,, but they are different for
the case of when it is buried under clay.
Notice the large disagreements of the Cc/Cy
and Cy/C. ratios between the simulated
gamma ray fluxes and the concentration of
TNT’s constituents in Table 3. These large
disagreements are the results of the inter-
ferences at the 4.44 MeV gamma rays. The
next section will discuss the possible sources
of the interferences.

Possible Sources of Interference

Simulation results based on the detection
of a single element is used to identify possible
sources of interferences at the 2.22 and 4.44
MeV gamma rays. These results are in the
form of a track length estimate (F-4 tally).
Figures 5(a) and 5(b) show the simulated
single element gamma ray spectra induced
from the neutron interactions with the
constituents of the TNT- landmine and the
surface of the sabd (H, C, O, N, and Si) in the
regions of 2.22 and 4.44 MeV. In Figure 5(a),
it is obviously seen that the H-2.223 MeV
gamma ray has slight interference from the
2.237 MeV gamma rays from Si (n,y)-
interactions because of their low cross section
(0.003 b). However, there are 2 sources of
interference at the 4.44 MeV due to the 4.439-
MeV gamma rays from N (n,a)- and O(n,a)-
interactions with cross sections of 0.036 and

al-element == Sielement

100E-06

LOOE-03 g
——— N-glement Coslement

4.439,C ()

LOIE-4 | slem ent
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3690 ()
386,09

— C-plement
LOOE-0S oo VOUEOT |
LOUE0S |
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Figure S. Simulated single element gamma ray spectra induced from neutron interactions with constituents
of TNT and bared sand (H, C, N, O, and Si): (a) possible sources of interference at 2.22 MeV,
(b) possible sources of interferences at 4.44 MeV
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0.014 b, respectively. Therefore, interferences
at the 4.44 MeV could be very high. A similar
interfering pattern occurred for the case of the
TNT buried under CaCO,. However, for the
case of the TNT buried under clay, there is an
additional high interference at the 2.22 MeV
due to the Al (n, n’y)-2.21 MeV gamma rays.

Conclusions

Due to intense interferences at 2 prominent
gamma ray lines, the 4.44 and 6.13 MeV, the
complementary FNA-TNA technique cannot
be used to detect a 1kg TNT-landmine buried
under a sand surface at 5 cm. This conclusion
which agrees with the work of Faust, et al.
(2004) is based on the disagreements of the
C/Cy and Cy/Cc ratios between the simulated
gamma ray flux ratios and their corresponding
concentration ratios of the TNT’s constituents.
However, since the Cy/Cy ratios between the
simulated gamma ray flux ratios and their
corresponding concentration ratios, based on
using LaBr;, agree with each other within
their error limits, the TNA technique based on
the detections of the H-2.22 and N-10.83
MeV gamma ray, concurrently, should be able
to detect a 1 kg TNT-landmine buried under a
sand surface at 5 cm efficiently. For the case
of such a TNT-landmine buried under CaCO,
at 5 cm, similar results as for that buried
under sand are obtained. Therefore, the TNA
technique based on the detections of 2.22 and
10.83 MeV gamma rays, concurrently, should
be able to detect a 1 kg TNT-landmine buried
under sand and CaCO,, effectively. However,
for the case of such a TNT-landmine buried
under clay, there is high interference at the
2.22 MeV due to the Al (n, n’y)-2.21 MeV
gamma rays with a cross section of 0.118 b.
The TNA technique must depend on the
detection of the 10.83 MeV gamma rays alone
for this case. The simulation results in this
work suggest that, for the TNA-based
landmine detection, »2Cf gives better results
than those of >*! Am-°Be because »>Cf gives
less gamma ray interference. Furthermore, the
simulation results show that a TNT- landmine
is itself a good neutron moderator giving

higher moderating power for the higher mass
of a TNT-landmine. This result, which agrees
with the result from the work of Brooks et al.
(2004), is reasonable because TNT has a high
percentage of H as its content.

Suggestion

The TNA technique should be used to
experimentally test the results of this work. It
is almost impossible to use the complementary
FNA-TNA technique in TNT- landmine
detection because of the high interferences
by gamma rays induced from the ground
formation’s constituents.
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