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This pa per car ries out a Monte Carlo sim u la tion of a landmine de tec tion sys tem, us ing the
MCNP5 code, for the de tec tion of con cealed ex plo sives such as tri ni tro tol u ene and cyc lo nite.
In por ta ble field de tec tors, the sig nal strength of back scat tered neu trons and gamma rays
from ther mal neu tron ac ti va tion is sen si tive to a num ber of pa ram e ters such as the mass of ex -
plo sive, depth of con ceal ment, neu tron mod er a tion, back ground soil com po si tion, soil po -
ros ity, soil mois ture, mul ti ple scat ter ing in the back ground ma te rial, and con fig u ra tion of the
de tec tion sys tem. In this work, a de tec tion sys tem, with BF3 de tec tors for neu trons and so -
dium io dide scintillator for g-rays, is mod eled to in ves ti gate the neu tron sig nal-to-noise ra tio
and to ob tain an em pir i cal for mula for the pho ton pro duc tion rate R Sf f f d mn

i
( , ) ( , )g = G M

from ra di a tive cap ture re ac tions in con stit u ent nuclides of tri ni tro tol u ene. This for mula can
be used for the ef fi cient landmine de tec tion of ex plo sives in quan ti ties as small as ~200 g of tri -
ni tro tol u ene con cealed at depths down to about 15 cm. The em pir i cal for mula can be em bed -
ded in a field pro gram ma ble gate ar ray on a field-por ta ble ex plo sives' sen sor for ef fi cient on -
line de tec tion.
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IN TRO DUC TION

The use of neu trons for de tec tion and char ac ter -
iza tion of ex plo sives has been ex ten sively stud ied
[1-3] es pe cially for the de tec tion of con cealed ex plo -
sives in ve hi cles [4], air cargo [5], and for hu man i tar -
ian demining [6-8].

The choice of mod er a tor and the de sign of an op -
ti mal con fig u ra tion is cru cial to the ef fi cacy of an
anti-per son nel landmine de tec tion sys tem where the
bur ied ex plo sive is small (typ i cally <300 g of tri ni tro -
tol u ene (TNT), cyc lo nite (RDX), etc.) and 10-15 cm
deep. Such a sys tem uses the sig na ture from ther mal
back scat tered neu trons to de tect and char ac ter ize ex -
plo sives. This is an im por tant ap pli ca tion of ther mal
neu tron ac ti va tion anal y sis (TNAA) as, ac cord ing to
UN es ti mates, there are over 110 mil lion anti-per son -
nel mines in 64 coun tries and over 26000 peo ple a year 
be come vic tims.

Es sen tially the use of neu trons is through scat -
ter ing by fast neu trons or by ac ti va tion by ther mal neu -
trons; in both cases, the radionuclides formed emit

char ac ter is tic gamma rays which can be used as a
signature to iden tify con stit u ent el e ments of ex plo -
sives such as hy dro gen, car bon, ox y gen, and ni tro gen.
For the de tec tion of antipersonnel land mines, the ther -
mal neu tron back scat ter ing (TNB) method is used.

The Monte Carlo N-par ti cle code MCNP5 [9] 
has been ex ten sively used to model a landmine de tec -
tion sys tem [10-12] based on ther mal neu tron ac ti va -
tion and de tec tion of the back-scat tered neu tron and
gamma ra di a tion for the de tec tion of a con cealed ex -
plo sive. It is thought [7] that the neu tron back scat ter -
ing us ing 252Cf or 241Am-9Be ra dio-iso to pic sources
are ap pro pri ate only for shal low arid soils and lack the
re quired sen si tiv ity for the ef fec tive de tec tion of small
quan ti ties (sub-ki lo gram) in land mines. Thus D-D
driven in er tial elec tro static con fined fu sion (IECF) de -
vices have also been de vel oped pro duc ing 107 D-D
neu trons per sec ond stably which have been shown to
ef fec tively de tect the gamma rays of 10.83 MeV emit -
ted by N at oms from 800 g mel a mine (plas tic) ex plo -
sives over a mea sure ment time of 1500 s. Baysoy and
Subasi [11] have car ried out a de tailed Monte Carlo
sim u la tion and have shown that a landmine sys tem us -
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ing neu tron back scat ter ing could de tect a small cy lin -
dri cal landmine dis tin guish ing down to <300 g TNT
ex plo sive from other nearby sub stances un til a burial
depth of 15 cm in lime stone with a scan ning speed of
9.6 m2 per min ute.

Ex per i ments have also been car ried out for TNT
of mass 1000, 520, and 200 g us ing 252Cf for 900 s
count ing time [13] with a he lium de tec tor for neu trons
and a NaI de tec tor for gamma rays and it is re ported
that the 10.8 MeV gamma rays give 0.53 ± 0.06 counts
per sec ond per ki lo gram com pared with MCNP re sult
0.62 ± 0.07 counts per sec ond per ki lo gram.

The ob jec tive of this work is to:
– carry out a sim u la tion of a landmine ex plo sive de -

tec tion sys tem with 252Cf source and BF3 and NaI
de tec tors, for a small quan tity (~<200 g) of TNT,

– es ti mate neu tron de tec tion ef fi ciency in BF3 de -

tec tors based on the B(n, a) re ac tions,
– es ti mate gamma pro duc tion in con cealed ex plo -

sives from ra di a tive cap ture re ac tions for sub se -
quent gamma de tec tion, and

– de velop an em pir i cal for mula for the g sig nal, as a
func tion of the ex plo sive mass and the depth of
con ceal ment, at the NaI de tec tion sys tem. This
for mula can be em bed ded in a field pro gram ma ble 
gate ar ray (FPGA) for the use in a field-por ta ble
ex plo sives' sen sor.

THE MODEL

For a pre lim i nary anal y sis, a con fig u ra tion shown 
in fig. 1 is mod eled to map the neu tron and pho ton
fluxes and as so ci ated re ac tion rates from ther mal neu -
tron ac ti va tion of a small (~200 g) sam ple of TNT. The
sys tem con sists of an anisotropic 252Cf source, la beled
„S”  placed  in  a  cap sule  in  a mod er a tor (bo rated wax:
r = 0.947 gcm–3 with weight frac tions: H 0.14, C 0.83,
B10 0.01, B11 0.02) with the BF3 tubes, the so dium io -
dide (NaI) de tec tor, the soil (lime stone r =  2.71 gcm–3

with weight frac tions: car bon 0.12, ox y gen 0.48, and
cal cium 0.40) and the con cealed ex plo sive.

The ra dio iso tope cal i for nium 252Cf, an in tense
spon ta ne ous fis sion is taken as the source with an emis -
sion of 2.31×107 neu trons per sec ond [14]. The BF3 re -

gion is mod eled  as  a  cy lin dri cal  tube of ra dius 1.5 cm,
length 30 cm filled with gas of den sity 2.567×10–3 gcm–3

(weight frac tions: B10 0.143368, B11 0.006568, F19

0.85).
 A NaI scintillator de tec tor is used with ra dius

3.9238 cm and length 5 cm.
In the sec ond model, shown in fig. 2, the BF3

tubes are placed out side the box of mod er a tor for rea -
sons that will be ex plained in the fol low ing sec tions.

METH OD OL OGY

Monte Carlo sim u la tion was car ried out to de ter -
mine the neu tron flux f us ing the F4 tally of MCNP
and sub se quent re ac tion rates.

Al pha pro duc tion re ac tions

(n, a) for neu tron de tec tion

Neu tron de tec tion in the BF3 de tec tor takes place 
by the fol low ing nu clear re ac tion in the gas
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4B Li He+ ® +n (1)

for which the MCNP FM14 tally is used as fol lows

FM r E V En
BF14 3= åòòò ,

( ) ( , , )a f W Wd d d (2)

where Sn a
BF
,

( )3  is the mac ro scopic cross-sec tion in BF3

for the n, a re ac tion, V – the re gion vol ume, E – the
neu tron en ergy, and W – the solid an gle.

Ra di a tive cap ture re ac tions

(n, a) for pho ton de tec tion

Com monly used ex plo sives con tain hy dro gen (2-4 
wt. %), car bon (9-37 wt. %), ox y gen (8-50 %) and ni tro -
gen (13-70 wt. %)  e. g. TNT has a mass com po si tion: H
(2.2 %), C(37.02 %), O(42.26 %), and N(18.5 %).

Thus, the de tec tion, and sub se quent char ac ter -
iza tion of an ex plo sive re quire de ter mi na tion of
atomic den si ties of H, C, O and N. The fol low ing fast
and ther mal re ac tions are thus im por tant for char ac ter -
iza tion.
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Fig ure 1. Landmine de tec tion sys tem mod eled with
MCNP5

Fig ure 2. Landmine de tec tion sys tem with BF3 tubes
placed be low the mod er a tor



Fast (in elas tic) re ac tions (cross-sec tions C:
200-400 mb*, N: 430 mb, O: 474 mb [13], as seen in
fig. 3)
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Im por tant ther mal ra di a tive cap ture re ac tions
with sig nif i cant cross-sec tions, as seen in fig. 3, are
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For the (n, g) re ac tions, the cross-sec tions for C
and O are much lower than those for H and N. This
work thus fo cuses on these two re ac tion rates, the sub -
se quent g pro duc tion and the even tual de tec tion in the
NaI scin til la tors.

The ra di a tive cap ture re ac tion rates in the ex plo -
sive for both hy dro gen and ni tro gen are tal lied as fol -
lows

FM r E V En
H24 = åòòò , ( , , )g f W Wd d d (8)

FM r E V En
H34 = åòòò , ( , , )g f W Wd d d (9)

where Sn
i
,g are the ra di a tive cap ture re ac tions for hy -

dro gen (i = H) and for ni tro gen (i = N).

Pho ton flux in the ex plo sive
ma te rial: an em pir i cal for mula

The pho ton flux in the ex plo sive me dium is from
ra di a tive cap ture re ac tions and from pho ton scat ter ing
in the me dium. This be comes the “source” term of pho -
tons which must un dergo mul ti ple scat ter ing or cap ture
in the sur round ing me dium be fore emerg ing from the
ground and be ing de tected in the scin til la tors. The
source term is quan ti fied in this work to form a ba sis for

an em pir i cal for mula which can later be de vel oped as a
func tion of mass and depth of con ceal ment.

RE SULTS

Neu tron (n, a) re ac tions for de tec tion

The B(n, a) re ac tion cross sec tion and the neu tron 
flux in a BF3 de tec tor, was ob tained from both con fig u -
ra tions viz figs. 1 and 2 for a small amount of TNT
(127.307 g) [11] to es ti mate the sen si tiv ity with the
depth of con ceal ment. It is un der stood that if such a
small amount is de tect able, then larger amounts will be
eas ier to de tect. For the con fig u ra tion of fig. 1, it was
found that the noise is ex ceed ingly high and masks the
con tri bu tion of the ex plo sive. This is due to the small
neutronic con tri bu tion in the flux, of ex plo sive ma te rial
(es pe cially hy dro gen) con cealed in the lime stone
ground ma te rial, and thus a sig nif i cant por tion of the
scat tered neu tron flux from the ground is re ceived in the 
BF3 de tec tors af ter be ing thermalized in the mod er a tor.
Thus, in the pres ence of a small amount of ex plo sive,
the dif fer ence in the thermalized flux masks the sig nal
of in ter est. Thus, the sim u la tion was per formed for the
BF3 tubes placed be fore the mod er a tor. In this case, the
low-en ergy flux (E £ 0.625 eV) in one of the coun ters
(clos est to the source on the left side), shown in fig. 4
clearly dif fer en ti ates the sig nal down to a depth of about 
30 cm. All re sults are sim u lated for 4 M neu trons and
have a rel a tive er ror less than 1 %. The com puter time
was of the or der of 10 min utes on an Intel(R) Core(TM)
i7-2620M CPU @ 2.70 GHz, 8 GB RAM and 32-bit
Op er at ing Sys tem. Sim i lar re sults are ob tained for the
other 7 tubes. The re sult ing count rate from the B(n, a)
re ac tion, spread over 2-14 % in crease de pend ing on the
con ceal ment depth, is shown in fig. 5.

The con fig u ra tion of fig. 1 is thus good only for a 
very large mass of con cealed ex plo sive as shown in
fig. 6 for 2.598 kg TNT (cyl in der CY ra dius 5 cm) at a
depth of 15 cm. From this sim u la tion, it is clear that of
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Fig ure 3. Ra di a tive cap ture cross-sec tions, T = 300 K
(MCNP ENDF/B-6 cross-sec tion)

Fig ure 4. Neu tron flux (E £ 0.625 eV) in BF3 tube* 1 mb = 10–31m2



the dif fer ence in the low-en ergy flux is very small
com pared with that for the high-en ergy flux, hence
yield ing a low-qual ity de tec tion sig nal.

It is thus clear that the de tec tion sys tem based on
fig. 1 can not dif fer en ti ate on the ba sis of ei ther mass of
ex plo sive or depth of con ceal ment.

To es ti mate the in crease in neutronic de tec tion
sig nal as a func tion of ex plo sive mass, con cealed at a
depth of 5 cm, a num ber of MC runs were made with
0.4 M neu trons and it was found (fig. 7) that a 30 % in -
crease in the low-en ergy flux in the BF3 coun ters is ob -
served for a mass in crease from about 140 g to 1200 g,
while the higher en ergy fluxes (0.625 eV-1 MeV) de -
crease (fig. 8) with an in crease in mass, and the higher
en ergy flux (1-14 MeV) slightly in creases. The net in -
crease in the neu tron count rates is of the or der of 30 %
as seen in fig. 9.

Ra di a tive cap ture re ac tions

for g de tec tion

In ad di tion to the mere de tec tion of an ex plo sive, 
its iden ti fi ca tion is ac com plished by the sig na ture pho -
tons emerg ing from the ther mal neu tron ac ti va tion of
con stit u ent el e ments. Thus, from MC sim u la tions of

the pho ton emis sions, in a cou pled n-g sim u la tion, the
cap ture re ac tion rates were ob tained as shown in figs.
10 and 11 for the two re ac tions: N14 (n, g)N15 and H1

(n, g)H2. It was found that there is a max i mum re ac tion
rate close to the sur face where slow ing down is the
dom i nant ef fect; af ter this point the at ten u a tion causes
the re ac tion rate to de crease.
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Fig ure 5. B(n, a) re ac tion rate in BF3 de tec tor

Fig ure 6. Neu tron flux in BF3 de tec tor

Fig ure 7. Neu tron flux in one BF3 tube for “low” en er gies

  Fig ure 8. Neu tron flux in one BF3 tube for high en er gies

Fig ure 9. Re ac tion rates B(n, a) for con fig u ra tion of fig. 2



The re sults of figs. 10 and 11 were curve-fit ted
with two vari ables x and y rep re sent ing the depth of
con ceal ment and ex plo sive mass, re spec tively. The re -
sults of a lin ear 3rd or der poly no mial for

f x y p x yij
i i

i j
( , )

,
= å

were ob tained with co ef fi cients given in tab. 1 and
good ness of fit quan ti ties shown in tab. 2.

Ta ble 2 gives the good ness-of-fit sta tis tics used to
in ter pret the sur face-fit ted poly no mial with co ef fi cients 
listed in tab. 1. They are: (a) the sum-of-squares due to
er ror (SSE), (b) R2, (c) ad justed R2, and (d) the root
mean square er ror RMSE. SSE mea sures the to tal de vi -

a tion of re sponse val ues. Ta ble 2 shows that SSE is
close to zero for both N(n, g) and N(n, g), im ply ing that
the fit is use ful for pre dic tion due to a small ran dom er -
ror. Sim i larly R2 ~0.78 im plies that the fit ac counts for
about 78 % of the vari a tion of the data are about the av -
er age while the ad justed R2 sta tis tic, ad justed on the ba -
sis of the “re sid ual de grees of free dom” is a more re li -
able in di ca tor with a value of 1 in di cat ing a better fit.
Fi nally the RMSE listed (10–5, 10–6), which is an es ti -
mate of the stan dard de vi a tion of the ran dom com po -
nent in the data, in di cates that the poly no mial is of ac -
cept able ac cu racy to pre dict both re ac tion rates.

The func tion can thus be used as a “source term”
for pho ton emis sions from con cealed ex plo sives. For
source strength of the or der of 107 n/s, the to tal source
strength is seen to in crease from over 100 to 104 pho -
tons per sec ond from ni tro gen and from 400 to 40,000
pho tons per sec ond from hy dro gen, for mass in the
range 100 g to over 3.2 kg as shown in fig. 12.

The scan time can be es ti mated from the source
strength by ac count ing for (a) ma te rial at ten u a tion fM
through the soil, (b) geo met ri cal at ten u a tion fG at the
de tec tor, and (c) the de tec tor ef fi ciency. As an ex am -
ple, for 100 pho tons per sec ond of 10.8 MeV from ni -
tro gen, the ma te rial at ten u a tion across 25 cm of lime -
stone would re duce the in ten sity to ~20 %, while the
geo met ri cal at ten u a tion for a 3.8 cm NaI win dow
placed 6 cm above the ground would be ~10 % i. e. 2
pho tons per sec ond would be in ci dent at the de tec tor.
As sum ing fur ther, a de tec tion ef fi ciency of 0.8, would
re quire a scan time of about 1 min ute for 100 counts
de tected.

Em pir i cal for mula

Based  on  the  sur face  fit ting  de scribed, an em pir i cal
for mula of the form R Sf f f d m in

i
( , ) ( , ),g = =G M H,N  is 

pro posed where fG = dW/4p, fM = Be–ms, and 
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Fig ure 10. Re ac tion rate H(n, g) in ex plo sive

Fig ure 11. Re ac tion rate H(n, g) in ex plo sive

Ta ble 1. Sur face fit ting (co ef fi cients and con fi dence bounds)

Co ef fi cient H(n, g) 95 % con fi dence bounds N(n, g) 95 % con fi dence bounds

p00 1.962e-005 (–3.355e-005, 7.278e-005) 5.402e-6 (–6.631e-6, 1.743e-5)

p10 7.851e-006 (3.977e-006, 1.172e-005) 1.696e-6 (8.191e-7, 2.572e-6)

p01 9.949e-005 (–7.863e-005, 0.0002776) 2.157e-5 (–1.874e-5, 6.189e-5)

p20 –7.131e-007 (–9.233e-007, –5.03e-007) –1.592e-7 (–2.068e-7, –1.117e-7)

p11 –1.632e-006 (–6.45e-006, 3.187e-006) –3.14e-7 (–1.405e-6, 7.765e-7)

p02 –3.614e-005 (–0.0002213, 0.0001491) –7.878e-6 (–4.979e-5, 3.404e-5)

p30 1.569e-008 (1.145e-008, 1.993e-008) 3.532e-9 (2.572e-9, 4.492e-9)

p21 –3.734e-008 (–1.198e-007, 4.516e-008) –9.149e-9 (–2.782e-8, 9.524e-9)

p12 9.013e-007 (–1.161e-006, 2.964e-006) 1.929e-7 (–2.739e-7, 6.598e-7)

p03 1.951e-006 (–5.844e-005, 6.235e-005) 4.275e-7 (–1.324e-5, 1.41e-5)

Ta ble 2. Good ness of  fit for sur face-fit ted poly no mial

Quan tity H(n, g) H(n, g)

SSE 1.382 ´ 10–8 7.077 ´ 10–10

R-squared 0.7833 0.7845

Ad justed R-squared 0.7616 0.7630

RMSE 1.239 ´ 10–5 2.804 ´ 10–6



f d m p d m ii j
i i

i j( , ) , , ,,,= =å 1 2 3  and  j =1, 2, 3, with
co ef fi cients listed in tab. 1.

The curve-fit ted re ac tion rates shown in fig. 13
for hy dro gen and in fig. 14 for ni tro gen in di cate ac cu -
racy to about 10 % for mass up to about 1 kg TNT con -
cealed down to about 10 cm in lime stone.

CON CLU SIONS

The main con clu sions from this Monte Carlo
sim u la tion car ried out for the landmine de tec tion sys -
tem based on neu tron back scat ter ing are:

· For neu tron de tec tion, the BF3 tubes will give
better de tec tion if placed be fore the mod er a tor
box di rectly 'see ing' the ground to catch any 'soft -
en ing' of the neu tron spec trum from the con cealed
ex plo sive.

· The ra di a tive cap ture in creases ini tially with the
depth and then de creases as the ef fect of the at ten -
u a tion be comes im por tant. There is thus an op ti -
mum depth at which a sig nal is max i mum; this
cor re sponds to the av er age track mean free path of
neu trons in lime stone which is of the or der of 3 cm
for a 252Cf source.

· A sam ple as small as 127 g of TNT can be de tected
down to about 20 cm in lime stone. The scan time
for  rea son able  de tec tion would be of the or der of
1 min ute.

· An em pir i cal for mula has been given for the
gamma source in the con cealed ex plo sive. This
can be readily used in a field por ta ble sen sor em -
bed ded in a FPGA de tec tion sys tem, given the
mass ab sorp tion co ef fi cient of the soil and the
solid an gle ge om e try of the NaI de tec tor, to con -
clude on the mass and depth of any con cealed ex -
plo sive.

AU THORS' CON TRI BU TIONS

Mod el ing of the de tec tion sys tem and MCNP sim -
u la tions were car ried out by H. Khan and Z. Koreshi. In -
ter pre ta tion and pre sen ta tion of the re sults were per -
formed by H. Khan and Z. Koreshi and the re search and
manu script were re viewed by all three au thors.
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STUDIJA  OSETQIVOSTI  SISTEMA ZA  DETEKCIJU  EKSPLOZIVNIH
MINA  NA  OSNOVU  NEUTRONA  RASEJANIH  UNAZAD  PRIMENOM

MONTE  KARLO  SIMULACIJE

U ovom radu Monte Karlo metodom simuliran je sistem za detekciju mina i skrivenog
eksploziva kao {to su trinitrotoluen i ciklonit ‡ primenom MCNP5 programskog paketa. Ja~ina
signala prenosivih detektora koja poti~e od rasejanih neutrona i gama zra~ewa, usled aktivacije
termi~kih neutrona, zavisi od niza parametara kao {to su: masa eksploziva, dubina na kojoj je mina
zakopana, moderacija neutrona, sastav zemqi{ta, poroznost zemqi{ta, vi{estruko rasejawe u
zemqi{tu i konfiguracija detektorskog sistema. Modelovan je detektorski sistem sa BF3
detektorima za neutrone i NaI scintilatorom za detekciju gama zra~ewa, kako bi se ispitao odnos
sig nal-{um pri detekciji neutrona i dobila empirijska for mula za brzinu nastajawa fotona, 
R d m(n, )g

i f f= Sf G M ( , )  iz reakcija radijativnog zahvata u sastavnim nuklidima trinitrotoluena. Ova 
for mula mo`e se primeniti za efikasno otkrivawe eksploziva ~ak i pri malim koli~inama od
oko 200 g na dubinama do oko 15 cm. For mula je objediwena u FPGA jedinicu prenosnih detektora
eksploziva radi efikasnije onlajn detekcije.

Kqu~ne re~i: eksploziv, detektor mina, termi~ka aktivacija, mod er a tor, Monte Karlo


