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Abstract

We have investigated main parameters of a labgrgtamtotype of the device for remote
nondestructive identification of explosives, hiddercontainers or soil. The device is based on
the Associated Particle Imaging (API) technique ara$ installed on the electrostatic Van de
Graaf accelerator. It has been shown that 460D §NT shielded by 42 cm of soil are detected
within 3 minutes. The sample of 100 g of melaminielsled by 9 cm of soil is detectedthin 5
minutes. An important distinctive feature of the IARethod pertains to its sensitivity to
chemical properties of the illicit substance. Weendemonstrated reliable identification of the
explosives on the background of other substanides.unique advantage of the APl method is
to provide the image of the hidden object in 3-disiens. It also significantly suppresses the
background. A large signal-to-background ratio pded by the API method significantly

facilitates the identification of the hidden sulnstas.
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1. Introduction

The Associated Particle Imaging (API) is a techeighich could provide a 3D imaging
and identification of objects hidden in differemin¢ainers or soil. The technique is non-intrusive
and could be used for demining operations, cowrrerist activities, search for illicit
substances by customs, as well as for differentigtrgi applications. The study of the API
method is carried out at the Los Alamos Nationdddratory [1], ArgonneNational Laboratory
[2], Bechtel Nevada Special Technologies Laboraf8tyINFN (Italy) [4], JINR [5] as well as
at other laboratories (for review, see, [6,7,8]).

This report describes the results of recent expartmon the study of the properties of the
laboratory prototype of the device for remote natidestive identification of illicit substances,
based on the API technique, which have been peedrat the Joint Institute for Nuclear
Research (JINR) in Dubna (Russia).

The API technique uses fast monochromatic neutvatis energy of 14.1 MeV produced
in binary reaction d+t- *He+n . In this reaction the-particle with the energy of 3.5 MeV
flights back-to-back with the neutron (in c.m. €m). By measuring the- particle trajectory
the direction of the corresponding neutron is deteed. These «tagged» neutrons interact with
the interrogated object and can prodycgianta in A(ny)A’ reactions with energy spectra which
are unique for each chemical element in the objBEt& characteristig-spectra could serve as
“fingerprints” to identify the hidden substance.

The key feature of the APl method is the measuréroéithe time difference between
detection ofa particle andy quantum. It provides the possibility to determthe distance
traveled by the neutron before it is inelasticaltattered by the nuclei of the interrogated object.
It is thus possible to determine a gamma-spectnam fthe definite localized region in the
object. It strongly suppresses the background.argd signal-to-background ratio provided by

the APl method significantly facilitates the iddiatation of the hidden substances. The unique



advantage of the APl method is to provide the imaigtne hidden object in 3-dimensions. The
use of the fast 14 MeV neutrons significantly imses the probing depth in the investigated
object.

An important distinctive feature of the APl methpértains to its high sensitivity to
chemical composition of the illicit substance. Waé performed some tests to verify the ability

of distinguishing the explosives among differertistances.

2. Experimental setup

2.1. Accelerator and target

The apparatus is installed at the deuteron beaimedaglectrostatic Van de Graaf accelerator
of the Laboratory of Neutron Physics at JINR. Thalaoular ion beam D; with the energy of
450 keV per deuteron is used. The beam intensigpat 0.51A. The position of the deuteron
beam at the target is collimated by two apertufe$ mm in diameter. The target is a titanium
tritide TiT.. It has been deposited on stainless steel subgitated at 45 angle to the beam
axis. The tritium layer density is 10" atom/cnf. The total activity of the target does not
exceed 1.7 Cu. The target and the beam contradreyate placed in the vacuum chamber (see

Fig. 1). The neutron flux generated in the d+etiea is (1-5)0107 s* at the 4 solid angle.

2.2. Alpha detector

The a particles are detected by 4 decoupled scintilatiounters with a size of 10 10
mn¥ each. Different alpha - detector scintillators -SZhSO, GSO, YaP and plastic have been
tested. They are located at 75 mm from the tafig®s. scintillators are shielded from deuterons
scattered off the target by thari@ aluminum foil. The typicak- particle counting rate s 10*

s'. The amplitude spectra of theparticles from the plastic scintillator are presehin Fig. 2.
To control the alpha-detector, we have glued acgoaf?*!Am at the surface of the scintillator.

The calibration spectrum 6f*Am is shown in Fig.2 multiplied by a factor ofi®®. A small tail
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Figure 1. The scheme of the experimental setup.
Deuteron beam line of the accelerator.
TiT, target.

Alpha detector.

Gamma detector (dashed line).
Interrogated object, box with soil
Hidden simulant of explosives

ok wnNE

can be seen on the left side of tAiAm peak, which is due to residual radioactive backgd
after accelerator operation.

The average energy of the detecte@articles from the dt-reaction is about 2.3 Melisl
less than 3.5 MeV expected from the dt-reaction tduenergy losses in the TiTarget (~0.4

MeV) and the aluminum foil ( ~ 0.8 MeV).
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Figure 2. The energy spectra of theparticles (1). The calibration spectrum?GfAm is
shown multiplied by factor20® (2).

2.3. Gamma -detector

They-rays from (ny)-reactions are registered by the Nal(Tl) detewatitin the scintillator of
00 150 mm and thickness 100 mm. The energy resolatidghe gamma — detector is 8% gt E
=1.33 MeV. The time resolution of the- y system is determined in the experiments with tdgge
neutron beam irradiating of 3 cm graphite platee Time resolution of the - y coincidence is
M=2.93t0.09 ns. It determines mainly by the Nal(Tl) as sk@vest element. The spread in the
time of flight of a-particles caused by the different ionization gydosses in different points
of the TiT; target is estimated as 0.4 ns.

By using a plastic scintillator as a tagged neuttetector, it has been measured that the

o-n time resolution i§=2.71+0.08 ns.



The Nal (TI) detector is shielded by 10 cm of leAdlock of 35 cm thick made of boron-
doped polyethylene is placed between the neutraoncecand they-ray detector. The distance

between the interrogated object and gamma-detestmaried within the range of 30-50 cm.

2.4. Tagged neutron beam

To determine the position of the tagged neutronmhea movable plastic scintillation
counter of 4 x 4 x 0.5 chwas used. In the laboratory frame the center afsnaf the d+t
system moves along the X-axis (see Fig.1l). It Higgbreaks the back-to-back correlation
between ther-particle and neutron trajectories, existing in ¢hm.s. It has been found that each
tagged neutron beam axis deviates from the nomnthlet accelerator beam line at an angle of
~ 10°. This value is in agreement with the calculateli@abased on the kinematics of the dt -
reaction. The distance between the tritium targetthe interrogated object was varied in the 70-

130 cm interval. The velocity of the 14.1 MeV neutfrom the dt-reaction is 5 cm/ns.

2.5. DAQ system

The data acquisition system is assembled in the B88Mtandard. The PMT's signals from
a andy detectors are fed to the constant fraction didoators and to the time shapers, and
further - to thea - y coincidence block together with the signal ” bugy@nerated by the
controller. The controller is equipped with the ggesor. The - y coincidence block generates a
signal of interruption for the processor and stridrehe analog-to-digital converter (ADC). The
signals from PMT pass through amplifiers and fedhi ADC, which generates the amplitude
spectra. To perform the time measurement, the lsigma the a-detector passes the shaper and
fed to the time-to-digital converter (TDC) statiety-detector signal is fed to the TDC's stop.

The selection of the - y coincidences is performed within 80 ns gate. Tiag¢eccontroller with
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build-in PC performs the data readout from the eoters and the data acquisition control. The

information is stored on the build-in hard disk drahsferred via the local net.

3.Results

3.1. Timedistribution and background suppression

To illustrate the principal advantages of the ARIthod let us consider the time and energy
distributions of characteristic gamma radiationnirthe interrogated substances, registered by
the Nal(TI) detector. A typical time-of-flight spieum is shown in Fig.3a. It has been collected
for a sample of carbon 10x10x10 tmplaced at 115 cm from the tritium target. Thetstéthe
time-of-flight measurement is given by thigarticle signal and the stop is given by frsggnal.

If the y signal is absent, then the compulsory stop sigha@enerated within 80 ns after the
arrival of thea signal.

The two-peaks structure of the time spectrum sopgmsed on the flat background is
clearly visible in Fig. 3a. The flat part of theegfrum corresponds to the accidenial- y-
coincidences. The first peak corresponds to thectien of the prompt produced in the
reactions A(n, ny )A for the interaction of the tagged neutrons wite sample. The second peak
Is caused by the neutrons scattered in the sampleetected by the Nal(Tl) counter later. The
delay time of the second peak is about 10 ns.rlesponds to the time which is needed for a
neutron to pass the distance of 50 cm betweenatigle and the detector with the velocity of 5
cm/ns. The clear separation of two peaks signiflgamproves the discrimination of the signal
from the background.

The Fig. 3b shows the energy spectrum ofytljganta for the time gate indicated in Fig.3a
by the shadow region around 35 ns. One can semaatalin peak feature from the carbon line of
4.43 MeV with its single escape (SE). The Fig. Boves the energy spectrum for the time gate

indicated in Fig.3a by the shadow region arounchg5This spectrum is smooth, without any



trace of carbon line at 4.43 MeV. This distributisrtypical for the delayed neutrons rescattered

in the graphite cube.
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Figure 3. The time-of-flight spectrum af —y-coincidences for 10 cm cube &1C (a).

The energy spectrum @fquanta for the time interval indicated by thaddw region
around 35 ns (b) and 45 ns (c). The carbon life48 MeV and its single escape (SE) is
clearly seen at (b). The width of the first timefloght peak in (a) ig7=4.3t0.5 ns.

This picture illustrates two main advantages ofAlé method. First, the knowledge of the
time-of-flight provides the location of the spatiedgion under investigation. Second, the
selection of then — y-coincidences within a certain time interval dreaiy suppresses the
background. Without the time selection the resgltirspectrum is superposition of the energy

spectra from the interrogated substance (Fig.30)tla® background from the scattered neutrons,



like that shown in Fig.3c. The background suppmss essential for enhancing the sensitivity

needed to identify small mass objects.
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Figure 4. They- energy spectra of carbon block (upper part) dedelamine (bottom)
without time selection (left) and with time select (right).

Large value of the signal-to-background ratio is important advantage of the API
technique. In Fig.4 we compare the energy spectithey-quanta obtained by the traditional
method of irradiation of 14 MeV neutrons witheut y-coincidences (left column), with the
spectrum of the same samples obtained by the ARhade(right column), selecting — y-
coincidences belonging to the first peak of tim&réhution as in Fig. 3a. The upper row shows
the spectra of carbon block (2.4 kg) and the spectr the bottom row of Fig.4 are of the

explosives simulant of melamine H&Ns ). The spectra obtained with the API method



demonstrate cleay-lines of **C at 4.43 MeV, of**N at 5.10 and 2.30 MeV as well as

corresponding single escape (SE) lines. In casadihary neutron irradiation these peaks are
sitting on the large background. These experimgindsv that the ratio signal-to-background for
the APl method is larger than for the ordinary newiirradiation by factor of 230-240.

It significantly facilitates the detection of thenall quantities of the hidden substance

3.2. Identification of the hidden illicit substances

To identify the hidden illicit substances the expents are done in three steps. First, the
measurement of the background conditions in theor&bry is performed. Second, the
measurement of the reference spectrum of the nelidsld illicit substance is carried out. Third,
the trial with the shielded investigated samplep&formed. The process of identification is
basedon the comparison of the spectra of the investthatgostances and the reference one.
Various decision taking algorithms have been tested

To demonstrate the potential of the APl method, present here the results of the
experiments on identification of the TNT explosii&HsN3Og). The sample of 400 g TNT is
buried in the box with soil. The sample is shidldhy the 25 cm of soil in front of the box and 9
cm of soil in front of Nal(Tl). We have measureckspa of TNT buried in the box and the box
of the soil without TNT. The results are shown ig..

The time distribution ofy quanta for the TNT buried in the soil is showrthe first plot
(upper row, left) by the solid line, the time distition of y quanta for the box without TNT
sample is shown by the dashed line. The distribgtiare normalized on equal number of the
tagged neutrons. One can see that these two disbris are different. In the next plot (upper

row, right) the difference between these time thatrons is shown. The picture shows a large
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Figure5. Time and energy spectrayfuanta for the TNT buried in the box with soil.

The upper row, left - the time distributionypfuanta for the TNT buried in the solil is

shown by the solid line, the time distribution bé&tbox without TNT sample is shown

by the dashed line. The upper row, right — theedéhce between the time distribution

with and without TNT sample. The bottom row - thiéedlence of the energy spectrayof
auanta for tests with and without a TNImple.

bump at the time of flights interval 22-27 ns.inidicates that something is hidden there.

These two plots demonstrate an important advardagiee APl method, its possibility to
localize the place of the illicit substance alohg direction of the neutron beam. It is important
to note that the sharp bump at the difference spmcdf Fig. 5 (upper, right) is a “fingerprint” of

the hidden TNT. For other substances (as woodiamres) the difference spectrum exhibits a
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deep rather than the bump. In general, the fornthef difference spectrum depends on the
difference between the chemical content of the émndsubstance and the chemical content of the
soil.

The bottom row of Fig.5 shows the difference of émergy spectra of quanta for tests
with and without TNT sample. This difference shoh&lzero for the part of the soil box without
TNT.

Indeed, the difference of the energy spectra istjmally zero for the time slice of t=17-22
ns (bottom row, left) and for the time slice of =22 ns (bottom row, right). However in the
region of the bump in the time difference spectramnthe t=22-27 ns, the difference of the
energy spectra also exhibits a spectrum with abmurof events. This spectrum is similar but
does not coincide with the spectrum of unshield®d'.T That is due to admixture of the
quanta from the soil. To extract the resulting ppspectrum of the TNT, we need to enhance
the spatial resolution to the size less thandimensions of the TNT sample, which is a
cylinder of 6 cm in diameter and 6 cm high.

To demonstrate the potential of the method for tifieation of the explosives placed in
between other objects, the sample of 400 g TNT plased in a standard suitcase of 33x45x15
cm® situated at 70 cm from the tritium target. Thetidf the case along the neutron beam is 33
cm. The case is divided on 4 equal compartment®. fegged neutron beams irradiate the case
simultaneously. Each beam passes through 2 comgatdrof the case. The sample is placed in
one compartment, whereas the other compartmentgladeby different background substances.
The identification code should determine in whiompartment the illicit substance is placed.

At first the sample of 400 g TNT was placed in ormmpartment and three other
compartments were filled with carbon blocks of Rgpeach. The correct identification of TNT
occurred after 60 s in 4 trials placing the TNT p&mn different compartments. The neutron
beam intensity was20’ n/s. Then we try to recognize the position of thmple of melamine of

1 kg among the samples of salt, washing powdersailbf the same mass. The samples were
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shielded by the 5 mm steel sheet placed in fronhem and 10 mm steel sheet placed between
them and the Nal(Tl)-detector. The duration of etcdl was 300 s. In 27 from 30 trials the
identification was successful.

To obtain some typical characteristics for idenéfion of explosives, we put in the case
samples of melamine and soil of 100 g each anddgdehem with 9 cm of soil in front of the
case and 9 cm of soil in front of the Nal(Tl) détecThe neutron beam intensity wadef n/s.
Correct identification was obtained after 300 sditidnal shielding of 4 cm layer of water did
not change the identification result. Indeed, twt heutrons are not too sensitive to the humidity
of the soil, in comparison with the mine detecttenhnologies which use the thermal neutron
probing [7,8,9].

In another trial 400 g of TNT was shielded by ac#2 layer of soil placed in front of the
case and by a 30 cm layer of soil placed in franthe Nal(Tl) detector. The neutron beam
intensity was 210" n/s. Correct identification occurred after 180 hisTresult demonstrates the

high potential of the API for detecting deeply leariexplosives.

4.Conclusions

We have investigated the main parameters of therdabry operational prototype based
on the Associated Particle Imaging (API) technifprethe remote nondestructive identification
of explosives, hidden in containers or soil. Thetptype was constructeah the base of JINR
Van-de-Graaf accelerator.

Based on the studies fulfilled and their analytis,following conclusions could be made:

1. The API method is capable to identify explosikigklen in the containers or soils. In our
experiments with neutron intensity of 4X1€' we were able to detect 400g TNT shielded by 42
cm of soil within 3 minutes. The 100 g of melamgieelded by 9 cm of soil was detecteihin

5 minutes.
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2. An important distinctive feature of the APl mathis its sensitivity to the chemical
composition of the illicit substance. We have dest@ted that it is possible to discriminate and
identify explosives placed in between other oumus objects.

3. The experiments have demonstrated that the Afhad is superior compared with other
technigues that use probing neutron irradiatiom, uthe facts that APl has a higher signal-to-
background ratio (on facte¥200) and therefore higher sensitivity. Only the ARéthod can
deliver a 3D image of the hidden object. Both ad&ges in combination significantly facilitate

the identification of the illicit substance.
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