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tion of explosives in CivilSe
urity Appli
ationsS. Pesente1 , D. Fabris1 , M. Lunardon1, S. Moretto 1, G. Nebbia 1and G. Viesti11 Dipartimento di Fisi
a dell' Universit di Padova and INFN Sezione di Padova,I-35131 Padova, ItalyRe
eived 30 O
tober 2005Abstra
t. The sear
h for hidden explosives has been simulated in laboratory
onditions by using our Tagged Neutron Inspe
tion System (TNIS. Appli
a-tions of the TNIS 
on
ept to Civil Se
urity problems are dis
ussed in the lightof our proje
ts for 
argo 
ontainer inspe
tions. Moreover, neutron attenuationand s
attering 
an be used to sear
h in real time for large quantity of explosivehidden in vehi
lesKeywords: tagged neutrons, explosive dete
tionPACS: 29.25.Dz, 29.40.M
, 82.80.JP, 89.20.Bb1. Introdu
tionThe threat of terrorist a
tions against 
ivil populations was indi
ated as one of themost important issues on the politi
al agenda of European Union already beforethe re
ent London bombing [1℄. After that event, the dete
tion of materials and/ordevi
es that 
an be used in terrorist a
tions be
omes a primary need of the so
iety.A �rst important task in Civil Se
urity is the 
ontrast of illi
it traÆ
king ofexplosive materials or, more generally, the sear
h for 
ontraband. In this respe
t,
urrently used X-ray or 
-ray based systems provide pre
ision density measurementswith high-resolution three-dimensional images, but only limited information on theelemental 
ontent of the inspe
ted item. Fast neutron interrogation, on the 
ontrary,o�ers the possibility of measuring the elemental density of the elements 
ontainedin explosive materials or nar
oti
s by using the well known te
hnique of re
ordingthe indu
ed 
-rays [2,3,4℄. Furthermore, with the use of 14 MeV neutrons taggedby using the well known asso
iated parti
le te
hnique, it is possible to determinethe lo
al elemental distribution inside large volumes or to inspe
t a pre
ise portion1219-7580/04/ $ 20.00
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2 Pesente, S. et al.of the volume (voxel) that has been identi�ed as suspe
t by an X-ray s
an. In this
ase it is possible to implement the already existing X-ray systems in operation atthe ports of entry with an additional neutron devi
e used mainly as veri�
ationtool.A se
ond aspe
t of the problem is the dete
tion of hidden explosive in vehi
lesthat are used in sui
ide bomber atta
ks worldwide. A spe
i�
 requirement in this
ase is the fast s
an of vehi
les operated at suÆ
iently large distan
e from thetarget itself, to avoid damage in 
ase of explosion. Neutrons are also in this 
ase aninteresting probing radiation, thanks to their penetration 
apabilities. On the otherhand, the te
hnique of looking to the gamma rays to perform elemental analysis isto slow to be applied in su
h 
ontext. Less spe
i�
 but rapid signature of thepresen
e of large quantity of hydrogenated materials 
an be obtained by looking tothe transmission and s
attering of fast neutrons [5℄.During the last years, we have developed a prototype of Tagged Neutron Inspe
-tion System (TNIS) using fan beams of 14 MeV neutrons, produ
ed by the D+Trea
tion [6-8℄. Tests on the dete
tion of hidden explosives with TNIS have been pub-lished re
ently [8℄. New developments are now underway within the NATO S
ien
efor Pea
e program and EURITRACK (EURopean Illi
it TraÆ
king Countermea-sures Kit), a proje
t approved in the 6th Framework Program of the EuropeanUnion. Su
h developments are presented in this work. Moreover, the possibility ofusing fast neutron transmission to dete
t bomb 
ars is also dis
ussed.2. General 
apability of the TNISThe TNIS system, as operated at the Neutron Generator Laboratory of the RuderBoskovi
 Institute (IRB) in Zagreb, is presented in ref. 8. Generally, the TNISimproves the signal to noise ratio with respe
t to untagged neutron systems byele
troni
ally sele
ting the 
-rays from the voxel de�ned by the geometry of thetagging dete
tor and by the neutron time of 
ight. Consequently, the minimumvolume to be interrogated depends on the segmentation of the tagging dete
tor andon the overall time resolution of the alpha-
 
oin
iden
es.The YAP:Ce s
intillators has been sele
ted for the dete
tion of the alpha par-ti
les. YAP:Ce exhibits several 
hara
teristi
s well suited for this task: ex
ellentme
hani
al and 
hemi
al properties, radiation hardness, fast response and high lightoutput [9℄. The �rst prototype of a portable neutron generator with integrated al-pha parti
le dete
tor for produ
tion of tagged neutron beams has been re
entlytested [10℄. It is also important to mention that a study of the position sensitivityof the 
-parti
le dete
tor has been su

essfully performed [11℄. Moreover, the useof fan beams allows the simultaneous measurement of gamma-rays emitted also inneighbouring voxels thus allowing the online subtra
tion of the ba
kground in thespe
trum from the suspe
t item.As 
-ray dete
tor, an array of BaF2 dete
tors has been used in our past work.In this 
ase the measured overall time resolution between the alpha parti
le and the



The use of neutrons 3gamma ray emitted by a graphite sample was measured to be Æt=1.6 ns [FWHM℄ [8℄.By subtra
ting the time un
ertainty due to the size of the sample, the intrinsi
 timeresolution of the system was evaluated to be Æt=0.9 ns [FWHM℄, whi
h 
orrespondsto a position resolution of about 5 
m along the neutron 
ight path. The results inref. 8 have been obtained by using a neutron 
ux of about 5� 106 neutron/s. Insu
h 
ondition, the 
ounting rate of the YAP:Ce and of ea
h BaF2 dete
tors wereabout 104 
/s. It is 
lear that pra
ti
al appli
ations of TNIS require a substantialimprovement of the neutron 
ux. To this end, a spe
i�
 test has been su

essfullyperformed, exploring the system performan
e at higher rates, by varying the neutron
ux in the range 2� 107 - 2� 108 neutron/s [12℄.

Fig. 1. The matrix of 64 small (6 mm � 6mm) YAP:Ce 
rystals that will beused to produ
e tagged neutron beams for the inspe
tion of 
argo 
ontainers.3. Open problems in the inspe
tion of 
argo 
ontainersThe inspe
tion of 
argo 
ontainer is one of the appli
ations where neutrons havebeen already su

essful applied. It is worth noting, indeed, that a large 
ommer
ialplant for 
ustom inspe
tion has been realized by the ANCORE Corporation andis in operation at the US-Mexi
an border near El Paso [3℄. The 
urrent Europeanproje
ts in this �elds foreseen the use of a neutron inspe
ting system that is mu
hsmaller respe
t to the ANCORE design, using sealed tube neutron generators toredu
e 
ost and 
omplexity of the systems.In exploring pra
ti
al appli
ation of the TNIS 
on
ept, it is worth 
onsider-ing the 
onstraints that would arise in inspe
ting a suspe
t voxel inside a massive



4 Pesente, S. et al.payload as the 
argo 
ontainer. It has to be noted, indeed, that the ba
kgroundprodu
ed by the part of the neutron �eld that is not tagged and hit the 
ontainer isexpe
ted to 
ontribute signi�
antly to the 
ount rate of any 
-ray dete
tor pla
edaround the 
argo. Su
h ba
kground would depend not only on the inspe
tion geom-etry, but also on the goods inside the 
ontainer. The 
ount rate of the gamma raydete
tors will 
ertainly determine one important limit in the system performan
e.On the other hand, the design for a se
ond generation system is based on anarray of 64 YAP:Ce s
intillators to produ
e fan beams ea
h having a small size(see Fig.1). The read out of su
h s
intillation array is simpli�ed by the use ofthe newly developed multi-anode photomultipliers. By sele
ting a suitable distan
ebetween the tritium target and the YAP:Ce array, this system should be able todeliver neutron fan beams with dimensions that will allow the inspe
tion of obje
tspla
ed inside a 
argo 
ontainer, i.e. having a distan
e from the neutron sour
eranging between 0.5 and 3 m. Assuming that the size and the position of thesuspe
t item is de�ned by a preliminary X-ray s
an, a suitable software mightdetermine the optimal sele
tion of the neutron beams to inspe
t both the obje
tand the surrounding materials. Monte Carlo simulations of su
h sour
e of taggedneutrons have been re
ently 
ompleted [13℄. Results indi
ate that it is possible tomaintain the dimension of the single neutron beam within values 
ompatible withthe sear
h for hidden explosive material for parameters of the neutron sour
e thatare 
ompatible both with standard ele
trostati
 neutron generators and with sealedtube portable generators.4. The neutroni
 
he
k pointThe dete
tion of Improvised Explosive Devi
es is one of mayor tasks in the 
ontrastof terrorist a
tions. In this respe
t, a spe
i�
 
ase is the inspe
tion of vehi
lesat 
he
k points to prevent atta
ks with explosive 
ars against sensitive targets.The quantity of explosive material used in su
h atta
ks ranges from 200 kg toseveral tons. Su
h large quantity of hydrogen ri
h material hidden in vehi
les 
anbe dete
ted in very short time by looking to the transmitted and s
attered neutrons.Detailed GEANT Monte Carlo simulations have been re
ently performed in the
ase of a 
ar having explosive hidden in the trunk. A sour
e of tagged neutronsusing both the D+T and the D+D sour
e rea
tions have been 
onsidered, assumingthe maximum produ
tion of 108 neutron/s on 4�. Tagged neutrons transmittedtrough the vehi
le are dete
ted in 
oin
iden
e with the asso
iated parti
les by usingposition sensitive neutron dete
tors 
overing an area of 110 x 110 
m2. Four largepad dete
tors, ea
h having an area of 120 x 50 
m2, are used to dete
t s
atteredneutrons at the road level below the 
ar.In the simulation, we s
anned the 
ar with irradiations ea
h 40 
m for a num-ber of neutrons that 
orresponds to few se
onds, re
ording the transmission of theneutrons and the distribution of the s
attered neutrons in the pad dete
tors. Bothobservables are used to dis
riminate the presen
e of light Z material (as the explo-



The use of neutrons 5sive) from other thi
k absorbers as the vehi
le engine. Sample of numeri
al resultsare presented in Fig.2 in term of attenuation of the neutron beam (upper panel)and of asymmetry of s
attered neutrons in the pad dete
tors 
al
ulated as sum of
ounts in the �rst two dete
tors (A1+A2), that are 
loser to the neutron sour
es,divided by the sum of 
ounts in the other two dete
tors (A3+A4). Both observablesare reported as a fun
tion of the position along the 
ar, with x=0 
orrespondingto the trunk and x=380 to the 
ar engine, respe
tively. As a result, a very largeattenuation of the neutron beam appears in s
anning the trunk and the engine.However, the asymmetry of the s
attered neutrons is 
ompletely di�erent, allowingthe dis
rimination between engine and the transported explosive. Simulation sug-gest that su
h system is able to s
an a 
ar in 10 s, easily identifying a quantity ofexplosive as low as 100 kg.
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Fig. 2. Monte Carlo simulation results of the neutroni
 
he
k point. For detailssee the text.



6 Pesente, S. et al.5. Con
lusionsThe use of tagged neutron beams to sear
h for hidden explosives is one of theavailable te
hnology that might in future be used to implement the existing tools(as the X-ray s
anners). The derived information is highly spe
i�
 in the 
ase ofthe gamma ray spe
tra indu
ed by fast neutrons and allows the elemental analysisof the inspe
ted voxels. Alternatively, fast neutron transmission and s
atteringmeasurements 
an be used to perform fast s
an of suspe
t vehi
les.A
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