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This paper carries out a Monte Carlo simulation of a landmine detection system, using the
MCNPS5 code, for the detection of concealed explosives such as trinitrotoluene and cyclonite.
In portable field detectors, the signal strength of backscattered neutrons and gamma rays
from thermal neutron activation is sensitive to a number of parameters such as the mass of ex-
plosive, depth of concealment, neutron moderation, background soil composition, soil po-
rosity, soil moisture, multiple scattering in the background material, and configuration of the
detection system. In this work, a detection system, with BF; detectors for neutrons and so-
dium iodide scintillator for y-rays, is modeled to investigate the neutron signal-to-noise ratio
and to obtain an empirical formula for the photon production rate R(’n,}, = Sfafuf @ m)
from radiative capture reactions in constituent nuclides of trinitrotoluene. 'i‘his formula can
be used for the efficient landmine detection of explosives in quantities as small as ~200 g of tri-
nitrotoluene concealed at depths down to about 15 cm. The empirical formula can be embed-
ded in a field programmable gate array on a field-portable explosives' sensor for efficient on-

line detection.
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INTRODUCTION

The use of neutrons for detection and character-
ization of explosives has been extensively studied
[1-3] especially for the detection of concealed explo-
sives in vehicles [4], air cargo [5], and for humanitar-
ian demining [6-8].

The choice of moderator and the design of an op-
timal configuration is crucial to the efficacy of an
anti-personnel landmine detection system where the
buried explosive is small (typically <300 g of trinitro-
toluene (TNT), cyclonite (RDX), ezc.) and 10-15 cm
deep. Such a system uses the signature from thermal
backscattered neutrons to detect and characterize ex-
plosives. This is an important application of thermal
neutron activation analysis (TNAA) as, according to
UN estimates, there are over 110 million anti-person-
nel mines in 64 countries and over 26000 people a year
become victims.

Essentially the use of neutrons is through scat-
tering by fast neutrons or by activation by thermal neu-
trons; in both cases, the radionuclides formed emit
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characteristic gamma rays which can be used as a
signature to identify constituent elements of explo-
sives such as hydrogen, carbon, oxygen, and nitrogen.
For the detection of antipersonnel landmines, the ther-
mal neutron backscattering (TNB) method is used.
The Monte Carlo N-particle code MCNPS5 [9]
has been extensively used to model a landmine detec-
tion system [10-12] based on thermal neutron activa-
tion and detection of the back-scattered neutron and
gamma radiation for the detection of a concealed ex-
plosive. It is thought [7] that the neutron backscatter-
ing using 2°>Cf or 2*' Am-"Be radio-isotopic sources
are appropriate only for shallow arid soils and lack the
required sensitivity for the effective detection of small
quantities (sub-kilogram) in landmines. Thus D-D
driven inertial electrostatic confined fusion (IECF) de-
vices have also been developed producing 107 D-D
neutrons per second stably which have been shown to
effectively detect the gamma rays of 10.83 MeV emit-
ted by N atoms from 800 g melamine (plastic) explo-
sives over a measurement time of 1500 s. Baysoy and
Subasi [11] have carried out a detailed Monte Carlo
simulation and have shown that a landmine system us-
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ing neutron backscattering could detect a small cylin-

drical landmine distinguishing down to <300 g TNT

explosive from other nearby substances until a burial
depth of 15 cm in limestone with a scanning speed of

9.6 m? per minute.

Experiments have also been carried out for TNT

of mass 1000, 520, and 200 g using 2>*>Cf for 900 s

counting time [ 13] with a helium detector for neutrons

and a Nal detector for gamma rays and it is reported
that the 10.8 MeV gamma rays give 0.53 £0.06 counts
per second per kilogram compared with MCNP result

0.62 £ 0.07 counts per second per kilogram.

The objective of this work is to:

— carry out a simulation of a landmine explosive de-
tection system with ***Cf source and BF; and Nal
detectors, for a small quantity (~<200 g) of TNT,

— estimate neutron detection efficiency in BF; de-
tectors based on the B(n, ) reactions,

— estimate gamma production in concealed explo-
sives from radiative capture reactions for subse-
quent gamma detection, and

— develop an empirical formula for the y signal, as a
function of the explosive mass and the depth of
concealment, at the Nal detection system. This
formula can be embedded in a field programmable
gate array (FPGA) for the use in a field-portable
explosives' sensor.

THE MODEL

For a preliminary analysis, a configuration shown
in fig. 1 is modeled to map the neutron and photon
fluxes and associated reaction rates from thermal neu-
tron activation of a small (~200 g) sample of TNT. The
system consists of an anisotropic 23Cf source, labeled
»S" placed in a capsule in a moderator (borated wax:
p =0.947 gem3 with weight fractions: H 0.14, C 0.83,
B'°0.01, B'" 0.02) with the BF; tubes, the sodium io-
dide (Nal) detector, the soil (limestone p = 2.71 gem™
with weight fractions: carbon 0.12, oxygen 0.48, and
calcium 0.40) and the concealed explosive.

The radioisotope californium 32Cf, an intense
spontaneous fission is taken as the source with an emis-
sion of 2.31-107 neutrons per second [14]. The BF; re-
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Figure 1. Landmine detection system modeled with
MCNPS
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Figure 2. Landmine detection system with BF; tubes
placed below the moderator

gion is modeled as a cylindrical tube of radius 1.5 cm,
length 30 cm filled with gas of density 2.567-10~ gem™
(weight fractions: B'® 0.143368, B! 0.006568, F!”
0.85).

A Nal scintillator detector is used with radius
3.9238 cm and length 5 cm.

In the second model, shown in fig. 2, the BF,
tubes are placed outside the box of moderator for rea-
sons that will be explained in the following sections.

METHODOLOGY

Monte Carlo simulation was carried out to deter-
mine the neutron flux ¢ using the F4 tally of MCNP
and subsequent reaction rates.

Alpha production reactions
(n, @) for neutron detection

Neutron detection in the BF; detector takes place
by the following nuclear reaction in the gas

9B+ gn—] Li+sHe (1)
for which the MCNP FM 14 tally is used as follows

FM14=([[ ¥ P ¢(r,E,Q)dVAEdQ  (2)

where Efff ?) is the macroscopic cross-section in BF;
for the n, a reaction, V' — the region volume, £ — the
neutron energy, and 2 — the solid angle.

Radiative capture reactions
(n, o) for photon detection

Commonly used explosives contain hydrogen (2-4
wt. %), carbon (9-37 wt. %), oxygen (8-50 %) and nitro-
gen (13-70 wt. %) e. g. TNT has a mass composition: H
(2.2 %), C(37.02 %), O(42.26 %), and N(18.5 %).

Thus, the detection, and subsequent character-
ization of an explosive require determination of
atomic densities of H, C, O and N. The following fast
and thermal reactions are thus important for character-
ization.
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Figure 3. Radiative capture cross-sections, 7 = 300 K
(MCNP ENDF/B-6 cross-section)

Fast (inelastic) reactions (cross-sections C:
200-400 mb*, N: 430 mb, O: 474 mb [13], as seen in
fig. 3)

2 Cron(14MeV) — 2Cron+y(44MeV) (3)
PN+ gn(14MeV) = 3C+in+y(51MeV)  (4)
O+ on(14MeV) - 'S0+ n+7614MeV) (5)

Important thermal radiative capture reactions
with significant cross-sections, as seen in fig. 3, are

| H+gn(thermal) - TH+y(22MeV)  (6)
N+ gn(thermal) - SN+7(108MeV)  (7)

For the (n, y) reactions, the cross-sections for C
and O are much lower than those for H and N. This
work thus focuses on these two reaction rates, the sub-
sequent y production and the eventual detection in the
Nal scintillators.

The radiative capture reaction rates in the explo-
sive for both hydrogen and nitrogen are tallied as fol-
lows

FM24=[[[ > ¢(r.E,Q)dVdEAQ  (8)

FM34=([[ > ¢(r,E,.Q)dVAEAQ  (9)

where ¥ ,i,y are the radiative capture reactions for hy-
drogen (i = H) and for nitrogen (i = N).

Photon flux in the explosive
material: an empirical formula

The photon flux in the explosive medium is from
radiative capture reactions and from photon scattering
in the medium. This becomes the “source” term of pho-
tons which must undergo multiple scattering or capture
in the surrounding medium before emerging from the
ground and being detected in the scintillators. The
source term is quantified in this work to form a basis for

"1mb=10""m?

rations viz figs. 1 and 2 for a small amount of TNT
(127.307 g) [11] to estimate the sensitivity with the
depth of concealment. It is understood that if such a
small amount is detectable, then larger amounts will be
casier to detect. For the configuration of fig. 1, it was
found that the noise is exceedingly high and masks the
contribution of the explosive. This is due to the small
neutronic contribution in the flux, of explosive material
(especially hydrogen) concealed in the limestone
ground material, and thus a significant portion of the
scattered neutron flux from the ground is received in the
BF; detectors after being thermalized in the moderator.
Thus, in the presence of a small amount of explosive,
the difference in the thermalized flux masks the signal
of interest. Thus, the simulation was performed for the
BF; tubes placed before the moderator. In this case, the
low-energy flux (£ < 0.625 eV) in one of the counters
(closest to the source on the left side), shown in fig. 4
clearly differentiates the signal down to a depth of about
30 cm. All results are simulated for 4 M neutrons and
have a relative error less than 1 %. The computer time
was of the order of 10 minutes on an Intel(R) Core(TM)
i7-2620M CPU @ 2.70 GHz, 8 GB RAM and 32-bit
Operating System. Similar results are obtained for the
other 7 tubes. The resulting count rate from the B(n, )
reaction, spread over 2-14 % increase depending on the
concealment depth, is shown in fig. 5.

The configuration of fig. 1 is thus good only fora
very large mass of concealed explosive as shown in
fig. 6 for 2.598 kg TNT (cylinder CY radius 5 cm) ata
depth of 15 cm. From this simulation, it is clear that of

x107°
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Figure 4. Neutron flux (£ < 0.625 eV) in BF; tube
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Figure 5. B(n, o) reaction rate in BF; detector
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Figure 6. Neutron flux in BF; detector

the difference in the low-energy flux is very small
compared with that for the high-energy flux, hence
yielding a low-quality detection signal.

It is thus clear that the detection system based on
fig. 1 cannot differentiate on the basis of either mass of
explosive or depth of concealment.

To estimate the increase in neutronic detection
signal as a function of explosive mass, concealed at a
depth of 5 cm, a number of MC runs were made with
0.4 M neutrons and it was found (fig. 7) thata 30 % in-
crease in the low-energy flux in the BF; counters is ob-
served for a mass increase from about 140 gto 1200 g,
while the higher energy fluxes (0.625 eV-1 MeV) de-
crease (fig. 8) with an increase in mass, and the higher
energy flux (1-14 MeV) slightly increases. The net in-
crease in the neutron count rates is of the order of 30 %
as seen in fig. 9.

Radiative capture reactions
for y detection

In addition to the mere detection of an explosive,
its identification is accomplished by the signature pho-
tons emerging from the thermal neutron activation of
constituent elements. Thus, from MC simulations of

Figure 7. Neutron flux in one BF; tube for “low” energies
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Figure 8. Neutron flux in one BF; tube for high energies
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Figure 9. Reaction rates B(n, v) for configuration of fig. 2

the photon emissions, in a coupled n-y simulation, the
capture reaction rates were obtained as shown in figs.
10 and 11 for the two reactions: N'# (n, y)N'> and H!
(n, y)H?. It was found that there is a maximum reaction
rate close to the surface where slowing down is the
dominant effect; after this point the attenuation causes
the reaction rate to decrease.
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Figure 11. Reaction rate H(n, y) in explosive

The results of figs. 10 and 11 were curve-fitted
with two variables x and y representing the depth of
concealment and explosive mass, respectively. The re-
sults of a linear 3™ order polynomial for

Sx, )= Zpi/-x[yi
i,j

were obtained with coefficients given in tab. 1 and
goodness of fit quantities shown in tab. 2.

Table 2 gives the goodness-of-fit statistics used to
interpret the surface-fitted polynomial with coefficients
listed in tab. 1. They are: (a) the sum-of-squares due to
error (SSE), (b) R?, (c) adjusted R?, and (d) the root
mean square error RMSE. SSE measures the total devi-

Table 2. Goodness of fit for surface-fitted polynomial

Quantity H(n, y) H(n, y)
SSE 1.382x107° 7.077 x 107"
R-squared 0.7833 0.7845
Adjusted R-squared 0.7616 0.7630
RMSE 1.239x10° 2.804 x 10°°

ation of response values. Table 2 shows that SSE is
close to zero for both N(n, y) and N(n, y), implying that
the fit is useful for prediction due to a small random er-
ror. Similarly R? ~0.78 implies that the fit accounts for
about 78 % of the variation of the data are about the av-
erage while the adjusted R? statistic, adjusted on the ba-
sis of the “residual degrees of freedom” is a more reli-
able indicator with a value of 1 indicating a better fit.
Finally the RMSE listed (107>, 107°), which is an esti-
mate of the standard deviation of the random compo-
nent in the data, indicates that the polynomial is of ac-
ceptable accuracy to predict both reaction rates.

The function can thus be used as a “source term”
for photon emissions from concealed explosives. For
source strength of the order of 107 n/s, the total source
strength is seen to increase from over 100 to 10* pho-
tons per second from nitrogen and from 400 to 40,000
photons per second from hydrogen, for mass in the
range 100 g to over 3.2 kg as shown in fig. 12.

The scan time can be estimated from the source
strength by accounting for (a) material attenuation fy,
through the soil, (b) geometrical attenuation f;; at the
detector, and (c) the detector efficiency. As an exam-
ple, for 100 photons per second of 10.8 MeV from ni-
trogen, the material attenuation across 25 cm of lime-
stone would reduce the intensity to ~20 %, while the
geometrical attenuation for a 3.8 cm Nal window
placed 6 cm above the ground would be ~10 % i. e. 2
photons per second would be incident at the detector.
Assuming further, a detection efficiency of 0.8, would
require a scan time of about 1 minute for 100 counts
detected.

Empirical formula
Based on the surface fitting described, an empirical

formula of the form R, ., =Sf; fy /(d,m), i=H,N is
proposed where f; = dQ/4n, £, = Be*, and

Table 1. Surface fitting (coefficients and confidence bounds)

Coefticient H(n, y) 95 % confidence bounds N(n, p) 95 % confidence bounds
Poo 1.962¢-005 (=3.355¢-005, 7.278e-005) 5.402e-6 (=6.631e-6, 1.743¢-5)
Pio 7.851e-006 (3.977¢-006, 1.172e-005) 1.696¢-6 (8.191e-7, 2.572¢-6)
Poi 9.949¢-005 (-7.863e-005, 0.0002776) 2.157e-5 (-1.874e-5, 6.189¢-5)
P2 —7.131e-007 (9.233¢-007, —5.03¢-007) —1.592e-7 (-2.068¢-7, —1.117e-7)
Pu —1.632¢-006 (—6.45¢-006, 3.187¢-006) —3.14e-7 (-=1.405¢-6, 7.765¢-7)
Po2 —3.614e-005 (-=0.0002213, 0.0001491) —7.878e-6 (—4.979¢-5, 3.404e-5)
P30 1.569¢-008 (1.145¢-008, 1.993e-008) 3.532e¢-9 (2.572¢-9, 4.492¢-9)
D2 —3.734e-008 (~1.198¢-007, 4.516e-008) —9.149¢-9 (=2.782¢-8, 9.524¢-9)
P12 9.013e-007 (=1.161e-006, 2.964e-006) 1.929¢-7 (=2.739¢-7, 6.598e-7)
Po3 1.951e-006 (—5.844¢-005, 6.235¢-005) 4.275¢-7 (—1.324e-5, 1.41e-5)
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Figure 12. y production rate from radiative capture (n, y)
in the explosive

fd,my=%;;p;;d'm',i=1,23 and j=1,2,3, with
coefficients listed in tab. 1.

The curve-fitted reaction rates shown in fig. 13
for hydrogen and in fig. 14 for nitrogen indicate accu-
racy to about 10 % for mass up to about 1 kg TNT con-
cealed down to about 10 cm in limestone.

CONCLUSIONS

The main conclusions from this Monte Carlo
simulation carried out for the landmine detection sys-
tem based on neutron backscattering are:

e For neutron detection, the BF; tubes will give
better detection if placed before the moderator
box directly 'seeing' the ground to catch any 'soft-
ening' of the neutron spectrum from the concealed
explosive.

e The radiative capture increases initially with the
depth and then decreases as the effect of the atten-
uation becomes important. There is thus an opti-
mum depth at which a signal is maximum,; this
corresponds to the average track mean free path of
neutrons in limestone which is of the order of 3 cm
for a »*2Cf source.

%107

0 5 10 15 20 5 30
Depth [cm]
Figure 13. Reaction rates H(n, ) per atom for MC
re-runs compared with surface-fitted values
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Figure 14. Reaction rates N(n, y) per atom for MC
re-runs compared with surface-fitted results

e Asampleassmallas 127 gof TNT can be detected
down to about 20 cm in limestone. The scan time
for reasonable detection would be of the order of
1 minute.

e An empirical formula has been given for the
gamma source in the concealed explosive. This
can be readily used in a field portable sensor em-
bedded in a FPGA detection system, given the
mass absorption coefficient of the soil and the
solid angle geometry of the Nal detector, to con-
clude on the mass and depth of any concealed ex-
plosive.
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Xampa KAH, 3ajap Yiaax KOPEIIIU, Myxaman JAKYD

CTYINJA OCET/BUBOCTU CUCTEMA 3A JETEKIINJY EKCIIJIO3UBHUX
MHUHA HA OCHOBY HEYTPOHA PACEJAHUX YHA3A]lI IIPUMEHOM
MOHTE KAPJ/IO CUMYJAIINJE

Y oBoM pagy Monte Kapio MeTooM cuMynupaH je CUCTEeM 3a JEeTeKIHjy MUHA U CKPUBEHOT
€KCIUTO31Ba Kao IITO Cy TPUHUTPOTONYEH U IUKIOHUT — puMeHoM MCNPS nporpamckor nakera. Jaunna
CHTHAaJIa IPEHOCUBUX IETEKTOPA KOja IMOTHIE Off pacejaHnX HEyTPOHA ¥ TaMa 3paderha, YCIel aKTHBALTje
TepMUYKHUX HEYTPOHA, 3aBUCH Off HI3a apaMeTapa Kao IITO Cy: Maca eKCINIO3MBa, AyOnHa Ha K0jOj je MrHA
3aKomaHa, Mojiepalyja HeyTPOHa, CacTaB 3eMIBHINTA, IOPO3HOCT 3€MJBUINTA, BUIIECTPYKO pacejame y
3eMJBUINTY M KOH(UTypaluja AETEKTOPCKOr cucreMa. MopenoBaH je AeTeKTopcku cucrem ca BF;
JAeTeKTopuMa 3a HeyTpoHe 1 Nal CIIMHTIIIATOPOM 3a ACTEKINjy rama 3pauca, KaKo O ce HCIHUTA0 OfHOC
CHTHAJI-IIYM IpU JAETEKIUjU HEyTPOHa M JoOuIa eMnupujcka ¢opmyia 3a Op3MHYy HacTajawka (POTOHA,
R(,.,) =5f¢ ./ f(d,m) n3 peakuuja pajujaTUBHOT 3aXBaTa y CACTABHUM HYKJIM{UMA TPUHUTPOTONyeHA. OBa
¢opmyra Moxke ce IPUMEHNUTH 3a e(hpUKACHO OTKPUBaHkE KCIJIO3MBA YaK W MPU MMM KOJMYMHAMA Off
oko 200 T Ha mybmHamMa 1o oko 15 cm. dopmyia je objenumbena y FPGA jenuHUIY TPEHOCHUX JETEKTOpa
eKCIII03mBa pajiu e(pUKACHHjE€ OHJIAjH IETEKIIN]E.

Kmyune peuu: exciinoius, OettieKiop MUuHa, iepmudka axkiiusayuja, mooepaitiop, Monitie Kapao



