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Introduction

About 110 million abandoned landmines are distributed in more than 70 countries

in different regions of the world. Landmines are responsible for killing or maiming

26,000 people per year, the majority being children, women and farmers. Fur-

thermore, the landmine problem has important socio-economic consequences as it

undermines peace and stability in large regions by displacing people and inhibiting

the use of land for agricultural production, irrigation canals, roads and residential

areas. Humanitarian Demining requires the complete removal of all mines and the

return of the cleared areas to normal use [1].

Today, most Humanitarian Demining is done using hand-held metal detectors (MD)

and/or trained dogs to locate the suspected point. After a suspected target has been

found, it is inspected by ”prodding” [2]. It is estimated that this method of mine

clearance would take 10,000 years to remove all minefields. Old landmines contain

sizable metal parts, but modern landmines are made of plastic with a minimum

metal content (e.g. the firing pin), so that are declared ”difficult to be detected”

with normal tools as the MD. Increasing the sensitivity of the MD to detect smaller

amounts of metal makes it very sensitive also to metal clutter often found in areas

where mines are located. Consequently, the major problem in Humanitarian Demi-

ning is to discriminate between a benign buried object and a landmine. Dogs have

extremely well developed olfactory senses and can be trained to detect explosives
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in trace quantities. This technique, however, requires extensive training of the dogs

and their handlers. The dog’s limited working time makes it difficult to maintain

continuous operation.

A number of mine detection techniques are emerging to improve the presently used

methods, including ground penetrating radar, infra-red scanner, microwaves, ad-

vanced electro-magnetic induction systems, etc. A common feature of these tech-

niques is that they detect anomalies in the ground but are unable to clearly detect

the presence of an explosive agent. Other methods can detect the presence of ex-

plosives by their content, for example the nuclear quadrupole resonance and the so

called ”electronic noses”, but such techniques are still under development.

It has been declared that a new demining tool would be ”effective” only with a

false alarm rate of 1% and reliably detecting 99.9% of the mines in a minefield. In

this case the tool would be effective in restoring the land to general usage. But no

one of the methods developed so far meets these high standards when used alone.

Consequently, it is generally accepted that multi-sensor systems are needed to meet

the requirements.

Analysis by neutron irradiation is one of the few methods available for elemental

characterization of hidden objects. Even low-energy neutrons can penetrate thick

layers of material and interact directly with the nuclei of the elements under in-

terrogation, producing characteristic γ-rays. The γ-rays are highly penetrating ra-

diations, so they can escape the interrogated sample, allowing the identification of

the elemental composition of the sample itself. By measuring the energies and the

intensities of the γ-rays, the elemental composition of the interrogated object can

be established.

The Thermal Neutron Analysis (TNA) technique is based on the neutron capture re-

action on 14N nuclei, which are present in common explosive materials in a quantity

of about 17-38% by weight, much larger than in the soil, where it is less than 1%.

The explosive signature is given by the detection of the 10.83 MeV γ-ray emitted

with 18% probability in the de-excitation of the populated 15N compound nucleus.
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The energy of this γ-ray is higher than other γ-rays produced in the neutron irra-

diation of common materials, so that it can be easily identified in the high energy

region of the spectrum. An isotopic neutron source, such as 252Cf, is often used for

TNA applications.

The Fast Neutron Analysis (FNA) technique uses fast neutrons produced by electro-

static accelerators, linear accelerators or sealed neutron generators. Prompt γ-rays

are emitted by the decay of specific levels populated via (n, n’γ) or other fast neutron

induced reactions on the nuclei of the interrogated sample. Using spectral analysis

software, the elemental ratios of carbon, nitrogen and oxygen, contained in common

explosive materials, can be established. This enables real time identification of the

explosive material by comparison with reference data stored in the computer.

The additional detection of backscattered neutrons could give an indication on the

density of hydrogen in the soil, which can be used for further enhancing the mine

detection probability.

The use of fast neutrons presents several advantages with respect to the technique

based on thermal neutrons. The inelastic scattering cross sections of of fast neutrons

(with energy of 14 MeV) are larger than those associated to thermal capture reaction

on Nitrogen. Furthermore, thermal neutrons are obtained by slowing down fission

neutrons from a 252Cf source. This process is intrinsically inefficient, so that only

a small fraction of the total neutron flux from the source (10−2-10−3) is effectively

used. On the other hand, fast neutron based techniques imply the use of electronic

neutron sources as small portable accelerators with a significant increase in cost and

complexity with respect to the use of simple radioactive sources.

A neutron based method for elemental characterization of a buried object can be

used to confirm the presence of explosive materials in a target point previously iden-

tified using one of the method mentioned above. In this respect it is proposed as a

so called ”confirmation” system.

The EXPLODET (EXPLOsive DETection) Collaboration started in 1998 a three-

year working program (1998-2000) approved by INFN and centered on the study of
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explosive detection by nuclear sensors based on the TNA technique. The focus of

the work was the Humanitarian Demining.

The Fast Neutron sensor of the EXPLODET Collaboration was approved and funded

within the so called COFIN99 programs of the Italian Ministry for University and

Scientific Research (MURST), for a two-year program funded jointly by MURST,

INFN and the Universities of Bari, Padova and Trento. This project was aimed at

building a movable prototype of explosive detector based on 14 MeV tagged neutron

beams, using the so-called Associated Particle Technique (APT). Fast neutrons are

known to produce a strong background because they interact not only with inter-

rogated object, but also with the sensor parts, the surrounding materials and with

all nuclei contained in the soil. This is particularly important in explosive detection

since several characteristic γ-rays produced by inelastic scattering on nuclei in the

soil and in the structural materials are close in energy to the expected ones from

the nitrogen nuclei. The reduction of the background is therefore a key point in

the practical use of fast neutrons and can be obtained using the AP Technique, as

discussed in Chapter 1 of this thesis.

The technological challenge of the EXPLODET fast neutron sensor system was two-

fold:

- to build a tagging system for fixed, open-end accelerator, which allows to

inspect a wide area (10×100 cm2);

- to develop portable neutron generators with a built-in tagged system.

The AP system using the beams from an open-end accelerator has been developed

at the CN Van de Graff of the National Laboratories of Legnaro (LNL). In a sec-

ond time, the system was moved to the Rudjer Boskovic Institute (IRB) in Zagreb,

Croatia, which is equipped with a 300 keV electrostatic accelerator. This sensor was

designed specifically for the detection of buried explosives (i.e. landmines).

A contract was signed in 1999 with the ASPECT company in Russia, to develop

a portable open-end neutron generator with the possibility of using a tagging sys-
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tem for APT. Unfortunately, the prototype developed by ASPECT did not pass the

test phase and the contract was canceled. In a second time, a contract was signed

between the Physics Department of the Padova University and EADS-SODERN

(France) to build a sealed tube neutron generator including a tagging system for the

associated particles, specifically developed by the EXPLODET group to meet the

requirements of a sealed tube system.

After the events of September 11 2001, the problem of identification of explosives

and chemical warfare agents has become one of the key issues in combating terrorism

and the request of studying and developing new technology capable of identifying

threat material embedded in volumes of background benign material has become

very important. The technologies developed in the EXPLODET project can be ap-

plied also in this new field.

The development of the EXPLODET fast neutron inspection system during the

years 2000-2003 is the subject of this thesis work.

The state of the art in the Associated Particle Technique (APT) and some of the

AP systems developed so far are presented in Chapter 1.

The AP sensor installed at LNL is presented in Chapter 2. This sensor has been

developed mainly for the detection of buried explosives and its geometry has been

studied in order to perform the scanning of a wide area.

The performances of the EXPLODET sensor and the data obtained with this sys-

tem are presented in Chapter 3.

The AP portable system developed by SODERN in collaboration with INFN is

described in Chapter 4. The properties of the detector for Associated Particle ap-

plication and the performances obtained in laboratory tests are also presented.

Late results obtained with the system installed at the Rudjer Boskovic Institute

(IRB) and the experimental tests performed irradiating real explosives are presented

in Chapter 5.

In order to get a clear understanding of the apparatus, Monte Carlo simulations

of the EXPLODET sensor have been performed using simulation codes based on
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GEANT, version 3.21, that are presented in the Appendix A of this thesis.
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Chapter 1

The Associated Particle Technique

1.1 Introduction

The Associated Particle Technique (APT or API, Associated Particle Imaging) is

based on the use of fast monochromatic neutrons with energy of En = 14.1 MeV, ob-

tained by the reaction T(d, n)α at low bombarding energy. The produced α particle,

with energy of about Eα = 3.5 MeV, is emitted in coincidence with each fast neutron

[3]. The direction of the corresponding neutron is determined by reconstructing the

α particle trajectory. Consequently, the α particles entering a finite-sized charged

particle detector are associated with a well defined cone of neutrons, if a thin T-

target is used.

These tagged neutrons would interact with the object under interrogation and pro-

duce γ-rays having an energy spectrum which brings information on each chemical

element contained in the object.

The neutron production and the nuclear reaction initiated by fast neutrons inside

the inspected object are pictorially shown in Fig. 1.1.

The time difference between the detection of the α particle and the recording of the

γ-ray by a suitable photon detector is practically determined by the flight path of
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Fig. 1.1: Schematic view of the tagged neutron production and the nuclear reaction

initiated by fast neutrons.

the neutron. In this way, it is possible to determine the depth along the cone of

neutrons where the reaction occurs. Using a two-dimensional position-sensitive α

detector, the transverse coordinates of reaction sites can be mapped. Merging these

two informations, a three dimensional image of the reaction points can be recon-

structed. This feature is extremely important in the search for hidden objects.

The T(d, n)4He reaction cross section in the 0-10 MeV deuteron energy range is pre-

sented in Fig. 1.2 [4]. The maximum of the cross section is reached at the deuteron

beam energy of about 110 keV and then it decreases with further increase in the

deuteron energy. In order to maximize the neutron flux, it is reasonable to use a

deuteron beam of few hundreds of keV. In this case, since the incident particle energy

is small compared with the Q-value of the reaction (Q = 17.6 MeV), all produced

neutrons have roughly the same energy and are emitted nearly back-to-back respect

to α particles also in the laboratory system.

The T(d, n)α reaction was often used in the past as a source of 14 MeV monoener-

getic neutrons in scattering and polarization experiments. The two major difficulties

of such experiments are the accurate monitoring of the number of neutrons incident
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Fig. 1.2: T(d, n)4He reaction cross section in the 0-10 MeV deuteron energy range

[4].

on the scattering sample and the high background counting rate in the detectors,

caused by neutrons scattered from walls and from other materials in the experimen-

tal room [5]. The use of the associated particle technique resulted in a considerable

reduction of background and consequently in an improved signal-to-noise ratio in

the collected data.

1.2 Deuteron Beam Production

Depending on the applications, various accelerators have been used for the produc-

tion of 14 MeV neutrons with the D+T reaction: electrostatic accelerators, linear

accelerators and sealed tube neutron generators [6].

The electrostatic accelerators can produce either continuous (DC) or pulsed deu-

terium beams with burst width in the microsecond or nanosecond range. Either

the standard Van de Graaff or the pulsed electrostatic cascade type accelerators are

capable of producing beams of adequate intensity for the associated particle tech-
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nique applications. The major disadvantage in this case is the size of the accelerator

and the associated equipment. Standard ion accelerators have been often used to

verify the applicability (the so called proof-of-principle) of nuclear techniques and

in particular of the AP technique in non-destructive inspections.

Also linear-accelerator-based neutron generator systems have been developed specif-

ically for non-destructive inspections in research and industrial environments. These

systems can provide outputs ranging from 108 to 1013 neutron/s bombarding robust

beryllium (Be) targets with proton or deuteron beams or can be used also to produce

neutrons by the D+T reaction.

As an example two LANSAR systems, developed by the AccSys Technology, Inc.,

are shown in Fig. 1.3. LANSAR units are characterized by a long lifetime at full

neutron output intensity. They are rugged, transportable and are characterized by

a light weight and a compact size [7].

The sealed neutron tubes are compact electrostatic generators, working at 100-300

kV terminal voltage, providing intense DC or µs pulsed neutron beams by using

the D-T reaction. Various manufacturers have been producing these devices over

the last years, especially for oil well logging, nuclear waste assay and neutron radio-

Fig. 1.3: Picture of two LANSAR neutron generator systems, model DL-1 and PL-4

systems (rf power and injector electronics are not shown). The two linacs accelerate

beams up to the energy of 0.9 MeV and 3.9 MeV, respectively [7].
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Fig. 1.4: Picture of a sealed neutron tube, developed by MF Physics, with the possi-

bility of using an α particle detector for associated particle experiments [8].

graphy. Sealed tubes can produce routinely 108-109 neutron/s, with some models

reaching 1011 neutron/s. Because of the presence of tritium (typically 1 GBq) inside

the tube, these systems have to be sealed in order to prevent environmental contam-

ination. In these conditions the vacuum is guaranteed by internal getter units. A

more detailed description of sealed neutron generators will be reported in Chapter 4.

A sealed neutron tube, developed by MF Physics, with the possibility of inserting

an α particle detector for associated particle experiments is shown in Fig. 1.4.

The main characteristics of some commercial neutron generators are reported in

Tab. 1.1.

1.3 Tritide Targets for Neutron Production

The tritide targets used in neutron generators are usually made by a thin film of

a metal, such us titanium, scandium or zirconium, deposited or evaporated onto a

thick copper, silver, tungsten or molybdenum substrate. The metallic layer is then

loaded with gas by slow cooling of the metal in a tritium or deuterium atmosphere.

By this process, 1.5-2 tritium or deuterium atoms can be adsorbed per metal atom.

The compound obtained is called metal hydride [3] [8].

5



Accelerator Nuclear Examples Yield Neutron Neutron

reaction Manufacturer neutron/s Energy spectrum

Van de Graaff (d,D) NEC 109-1011 variable monoenergetic

(d,T)

Van de Graaff, (d,Be) NEC, EBCO 109-1012 variable broad

Cyclotron IBA

Van de Graaff, (p,Li) NEC 108-1010 0.15-1 MeV narrow

RFQ AccSys

Van de Graaff, (p,Be) NEC 109-1011 variable broad

RFQ AccSys

Sealed Tube (d,T) MFP 108-1011 14 MeV narrow

type Sodern

Sealed Tube (d,D) MFP 106-109 2.5 MeV narrow

type Sodern

Linear (d,Be) AccSys 108-1013 variable broad

accelerator (p,Be)

Tab. 1.1: Main characteristics of some commercial neutron generators. NEC (Na-

tional Electrostatic Corporation, USA), EBCO (EBCO Technologies Inc., Canada),

IBA (Ion Beam Applications, Belgium), AccSys (AccSys Technology, Inc., USA),

MFP (MF Physics, USA), Sodern (EADS-SODERN, France) are some of the prin-

cipal neutron generator manufacturers.
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Titanium tritiated and deuteride targets, obtained in different ways, have been

studied in Ref.[9]. The authors suggest that the initial morphology of the metallic

thin film is a determinant factor in the target manufacturing. In fact the best

neutron yield is obtained from the titanium thin film with the lowest porosity, which

corresponds to a higher T/Ti impregnation ratio. It appears that the metallic thin

film morphology not only has an influence on the neutron emission, but also on the

thermal and mechanical properties of the target. This study shows that the type of

metal is also an important parameter in the overall performance of the target.

1.4 Discrimination of Charged Particles

One of the experimental problems in the associated particle method using the T(d,

n)α reaction is the discrimination of the α particles from the background due to the

other charged particles emitted in competing reactions, mainly deuterons elastically

scattered by the target nuclei and δ-electrons produced by the beam atomic colli-

sions in the target.

Due to the energy loss of the deuterons in the thick target material, the energy of

the scattered deuterons ranges between zero and the energy of deuterons scattered

from the target surface (i.e. those having the minimum energy loss). The number

of the scattered deuterons is higher than the number of produced α particles by

roughly a factor 105 (due to the high Rutherford scattering cross section). There-

fore, in general, a pile-up of deuterons might occur in the electronic circuitry and

a high dead time will decrease the efficiency for the registration of the α particles.

Unless the pulse height for α particles is larger than the pulse height for deuterons,

a discrimination between deuterons and α particles cannot be made by acting only

on the electronic threshold.

In associated particle systems working with deuteron beams of about 100 keV en-

ergy, thin aluminum or nickel absorbers have been used so far to prevent scattered

deuterons from entering the α particle detector, while allowing the α particles, which
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Fig. 1.5: Schematic diagram of the experimental setup: (1) deuteron beam, (2)

collimating slits, (3) neutron beam, (4) Ti-T target, (5) collimating slit for an α

beam, (6) α particle beam, (7) collimating slit, (8) magnetic field, (9) collimating

slit, (10) silicon surface barrier detector [5].

are more energetic, to pass through and be easily detected.

In other cases, small magnetic and electrostatic separators have been developed and

used to help in discriminating among different charged particles [5].

As an example, an associated particle system, that utilizes a magnetic separator, is

described in Ref.[5]. The deuteron beam from a Van de Graaff accelerator type HV-

2500 AN strikes under 45o a Ti-T target (2 mg/cm2), deposited on a molybdenum

backing having 0.3 mm thickness. The α particle detector was positioned at 90o

respect to the deuteron beam axis. The charged α particles emitted at this angle

pass through a magnetic separator - a permanent magnet of 0.5 T magnetic field

oriented perpendicularly to the beam - and then are registered in a surface barrier

semiconductor detector placed perpendicular both to the direction of the beam and

to the magnetic field. A schematic view of the apparatus is shown in Fig. 1.5.

To optimize the discrimination between α particles and elastically scattered deuterons,
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the ratio of the kinetic energies Eα/Ed has to be as large as possible. In Ref.[5], the

authors suggested that a sufficient condition for the complete discrimination between

α particles and the elastically scattered deuterons is obtained when:

Eα > 2Ed (1.1)

A typical energy spectrum from a silicon detector without the magnetic separator

is shown in Fig. 1.6(a) for deuteron energy Ed = 0.46 MeV.

After the use of the separator, the low energy particles, mainly deuterons are com-

pletely suppressed. The energy spectrum after separation for deuteron energy Ed

= 1.82 MeV is shown in Fig. 1.6(b). From these figures it is clear that the best

discrimination between α particles and elastically scattered deuterons is obtained

at low deuteron energies, for which the separator fully discriminates the different

particles. For energies above Ed = 1.7 MeV, the separator fails to work properly as

Fig. 1.6: (a) Pulsed height spectrum of the charged particles (deuterons - solid line,

α-particles - dashed line) on the α detector without a magnetic separator for Ed =

0.46 MeV (the right hand scale refers to the dashed line). (b) Pulse height spectrum

of the charged particles on the α detector with a magnetic separator for Ed = 1.82

MeV (the right hand scale refers to the dashed line) [5].
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the condition (1.1) is not satisfied.

The typical tagged neutron beam intensity, obtained with this set-up, is 105 neu-

tron/s.

1.5 Alpha Particle Detectors

The key point in developing an associated particle system is the choice of the α

particle detector. The required characteristics of such detector are high count rate

capability, good time resolution, mechanical robustness and resistance to the radia-

tion damage induced by neutrons and α particles. Moreover, it has to be available

as large-diameter thin sheet allowing relatively uniform deposition of appropriate

thickness. In the particular case of sealed neutron generators, the α particle detec-

tors must also be compatible with the tube environment. In particular, it must have

minimum outgasing and it should survive baking at about 350 oC during the tube

fabrication procedure.

Semiconductor detectors generally satisfy only some of the above reported require-

ments. Semiconductors are indeed characterized by good energy resolution, good

stability, excellent efficiency and timing characteristics, but the prolonged exposure

to charged particles and neutrons creates a rapid performance deterioration due to

radiation damage in the detector. In typical surface barrier silicon detectors serious

changes appear to take place for an irradiation of about 1012 fast neutron/cm2 or

109 α particle/cm2, respectively [10]. Taking into account a flux of 5×104 α/s, the

operational life of this α detector inside the sealed tube would be about 5 hours be-

fore suffering damage. As an example, this particular situation would be obtained

with an α detector covering 1% of the total solid angle and a total flux of 5×106

neutron/s.

New semiconductor detectors have been recently developed for high energy physics

applications, for which the radiation hardness is a basic requirement. As an example

the radiation damage of SI-GaAs induced by neutrons has been recently studied.
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scintillator decay time wavelength of

(ns) max. emission (nm)

GS-1 glass 50-70 395

P 47 40 -

WL 1201 1.4 -

ZnO(Ga) 1.5 390

ZnS(Ag) 250 450

plastic scintillator 2-3 385-430

Tab. 1.2: Decay constant of the main component and wavelength of maximum emis-

sion of some scintillators.

This detector can withstand fluencies up to 5×1014 neutron/cm2, without being

damaged [11]. In this case, the operational life of SI-GaAs (about 2500 hours)

would be comparable to the life of a sealed tube (generally about 2000 hours). This

kind of detector would hardly survive, however, to the high temperature required in

the tube manufacturing.

A very fast and efficient detector for α particles could be the Parallel Plate Avalanche

Counter (PPAC), a type of gas device usually employed in Nuclear Physics experi-

ments as heavy charged fragment detectors. The description of PPAC detectors will

be reported in Chapter 2. However, due to its construction, the PPAC is totally

incompatible with an installation inside a sealed neutron tube.

Several scintillators have been investigated in the past to be inserted in sealed neu-

tron generators: GS-1 glass, P-47, WL-1201 [12], ZnS(Ag), ZnO(Ga) [13] and plas-

tic scintillators [14]. Some physical properties of these scintillators are reported in

Tab. 1.2.

In details, GS-1 is a lithium glass scintillator. P-47 and WL-1201 detectors are com-

posed of clear glass or fiber optic plates used as a substrate for the screen which is
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covered with particular types of phosphor (P-47 and WL-1201 respectively). Since

P-47 and WL-1201 are used as thin layers, a vacuum window has to be applied on

the screens [12].

Gallium-doped Zinc Oxide scintillator coatings are characterized by a decay time

of about 1.5 ns and a scintillation light peak at 390 nm. They do not outgas and

can survive high temperature. Different ZnO(Ga) coatings and different substrate

materials have been investigated in Ref.[15]. However ZnO(Ga) absorbs its emitted

light so that coating thickness and uniformity may be very critical.

Silver-activated Zinc Sulfide, ZnS(Ag), has a very high scintillation efficiency com-

parable to that of NaI(Tl), but it is available only as a polycrystalline powder. As

a result, its use is limited to thin screens. Thickness greater than about 25 mg/cm2

become unusable because of the opacity of the multi-crystalline layer to its own

luminescence light [16].

Plastic scintillators are very fast (light decay time ∼ 2ns) and are available in a large

variety of different sizes and shapes. Also in this case attention has to be given to

the self absorption of the scintillation light and to problems related with the high

temperature reached during the tube manufacturing.

1.6 Detection of Threat Materials

Neutrons, and in particular fast neutrons, are well suited to explore large volume

samples given their well known penetration depth in bulk material. These neutrons

can interact with the nuclei of the elements in the sample under investigation, pro-

ducing characteristic γ-rays by decay of particular levels populated via (n, n’γ) or

other fast neutron induced reactions. Also the γ-rays are highly penetrating radia-

tions, so they can escape the sample under interrogation, allowing the identification

of the elemental composition of the sample itself using suitable detectors.

Most of the hidden threat or contraband materials, like explosives, narcotics and

chemical weapons, consist mainly of carbon, oxygen and nitrogen as the majority of
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Element Eγ [MeV] Eγ [MeV] Eγ [MeV] Eγ [MeV]

(σ [mb]) (σ [mb]) (σ [mb]) (σ [mb])

C 4.45 (210)

O 6.13 (160) 3.85 (85) 6.91 (60) 3.10 (50)

N 5.10 (70) 4.45 (65) 2.30 (70) 7.03 (35)

Pb 0.57 (950) 0.84 (910) 1.06 (365) 2.60 (280)

Mg 1.37 (430) 1.83 (75) 2.75 (63) 1.14 (30)

Al 2.21 (190) 1.81 (175) 3.00 (135) 1.01 (110)

Si 1.78 (430) 2.84 (70) 0.96 (60) 5.10 (35)

Ca 3.90 (40)

Fe 0.85 (840) 1.24 (470) 1.82 (70) 2.61 (65)

Cl 1.76 2.65

P 2.23 1.27

F 0.197 1.36

S 2.23

Tab. 1.3: Energy and cross section of the main γ-rays produced by interactions of

14 MeV neutrons with some nuclei.

organic matter. The chemical composition of some elements is reported in Fig. 1.7.

The possibility of discriminating among different materials relies on the capability of

establishing accurately the relative ratios of O/C and N/C, and, in some other cases

(as i.e. for chemical warfare agents), on the quantitative determination of elements

like Cl, P, S, As, etc. [17]. Each of these elements is characterized by its own γ-lines

thus allowing an unambiguous identification of the element itself. Moreover, know-

ing the nuclear cross sections and estimating the absorption factors in the different

materials, it is possible to perform a quantitative analysis of the elements in the
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Fig. 1.7: Chemical composition of some elements.
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sample and, consequently, identify the compound material.

The energy and the cross section of the γ-rays produced by interactions of 14 MeV

neutrons with the above mentioned nuclei and with the elements contained in the

soil acting as background in case of landmines or in other surrounding materials are

reported in Tab. 1.3.

Interacting with all materials around the sample, fast neutrons produce a strong

background, that can be reduced using the AP technique. In fact, defining the di-

rection and the emission time of the neutrons, different voxels1 of the interrogated

volume can be selected and analyzed and the local distribution of some elements

inside the sample volume can be determined.

1.7 Associated Particle Systems using Open-End Accelera-

tors

An associated particle system, developed so far to study the capability to identify

chemical composition of hidden objects, is described in this section. In this sys-

tem the neutron beam is produced using an electrostatic Van de Graaf accelerator.

AP systems, which utilize small sealed-tube neutron generators, will be further de-

scribed in Sec. 1.8.

An associated particle system has been developed and installed at the Joint Institute

for Nuclear Research (JINR), in Dubna (Russian Federation) [14]. An electrostatic

Van de Graaf accelerator provides a molecular 400 keV D+
2 beam with 3 mm di-

ameter, with an intensity of 0.5 µA. The target, titanium tritide (TiT2) deposited

on a stainless steel substrate, is placed at 450 respect to the beam axis. The tritium

layer density is about 1019 atom/cm2. The total activity of tritium is about 60 GBq.

The neutron flux generated in the T(d, n)4He reaction is about 107 neutron/s over

4π solid angle. A schematic view of the experimental setup is shown in Fig. 1.8.

The distance between the neutron producing target and the interrogated object is

1volume elements
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85 cm. The neutron beam spot at the object position is about 12×8 cm2.

Two different scintillators have been investigated for α particle detection: ZnS(Ag)

and a plastic scintillator. Both scintillators had 1 cm diameter and were set at 7.5

cm from the target, thus covering a solid angle of 0.011 sr. The scintillators were

shielded from scattered deuterons by a 7 µm thick aluminum foil.

The amplitude spectra obtained using the two different detectors are shown in

Fig. 1.9.

To avoid contribution from the PMT noise and pile-up events, the α particle ampli-

tude used for generating triggers was selected using the gate shown in Fig. 1.9. The

ZnS(Ag) scintillator produces a broader high energy tail in the amplitude spectrum,

probably due to pile-up events.

A NaI(Tl) scintillator (20 cm diameter and 20 cm thickness) was used to detect

Fig. 1.8: Schematic view of the experimental setup at JINR, Dubna [14].
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Fig. 1.9: α particle energy spectra obtained using two different detectors [14].

γ-rays; this detector was placed at 45 cm from the interrogated object.

The time resolution of the α-γ system has been determined irradiating a 1500 cm3

graphite sample, the FWHM obtained with the plastic and the ZnS(Ag) scintillators

are δt = 3.8 ns and 6 ns, respectively. These values include also the contribution

due to the neutron transit time through the graphite sample, estimated to be about

2 ns.

In the first part of the Dubna project, pure elements or simple substances (such us

graphite, liquid nitrogen and water) have been irradiated in order to obtain typical

γ-ray spectra of C, N and O. The time of flight spectrum obtained irradiating a

12 kg graphite sample is shown in Fig. 1.10(a). Two structures are evidenced: the

first peak corresponds to the detection of prompt γ-rays produced in the inelastic

scattering reaction C(n, n’γ)C. The second peak is due to neutrons that enter the

NaI(Tl) detector after being scattered from the C sample. The time difference be-

tween the two structures is about 8-9 ns, that corresponds to the time needed for

a neutron (v = 5 cm/ns) to travel the distance between the sample and the de-
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Fig. 1.10: (a) Time of flight spectra for two different scintillators (plastic scintillator

- line, ZnS(As) - points), obtained irradiating a 12 kg graphite sample. (b) and (c)

γ-ray energy spectra for the coincidences with the plastic scintillator obtained by

setting two different time windows ∆t1 = 40 ns and ∆t2 = 2 ns respectively [14].
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tector (d = 45 cm). Thanks to its superior time resolution, the plastic scintillator

gave a signal-to-background ratio higher than the ZnS(Ag) scintillator. Such ratio

was about 12 for the plastic scintillator and about 4 for the ZnS(Ag). The γ-ray

energy spectra for the coincidences with the plastic scintillator have been obtained

by setting two different time windows (∆t1 = 40 ns and ∆t2 = 2 ns), as reported

in Fig. 1.10(a). The resulting spectra are shown in Fig. 1.10(b)(c). A dramatic

background reduction can be noticed in Fig. 1.10(c) when the narrow time window

is used and the carbon γ-rays at Eγ = 4.45 MeV are easily seen.

The energy spectra obtained setting two different narrow time windows ∆t1 and

∆t2 on the time spectrum are shown in Fig. 1.11. Fig. 1.11(b) presents γ-ray energy

spectra of the events selected in the time interval ∆t1. The shaded area is the back-

ground distribution measured without the graphite sample. The energy spectrum

after background subtraction is shown in Fig. 1.10(c). The 4.45 MeV carbon line

and the the first escape are clearly seen with this time selection. Fig. 1.11(d)(e)

present γ-ray energy spectra of the events selected in ∆t2 time interval, that appear

to be structureless. From these spectra it is clear that the second peak in the time

distribution is generated by the neutrons scattered by the graphite cube.

Data taken with graphite, liquid nitrogen (1.5 l) and water (1.5 l) are shown in

Fig. 1.12. Left column (a) shows the energy spectra obtained without any time

selection. Shaded histograms corresponds to the measurements of the background,

performed without the investigated samples. The middle column (b) shows the en-

ergy spectra with time selection ∆t1. The right column (c) corresponds to the final

background subtracted energy spectra. It is concluded that after the proper time

selection and background subtraction it is possible to see typical peaks of charac-

teristic γ transitions from all interrogated objects.

Monte Carlo simulations of the NaI(Tl) detector response in coincidence with the

α detector has been performed by Bystritsky et al. using the GEANT3 package

with the GEANT-MICAP interface. In the simulation, the irradiated object was

carbon. The simulated time distribution and the experimental spectrum shown in
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Fig. 1.11: (a) Time of flight spectrum. (b) γ-ray energy spectra of the events selected

in the time interval ∆t1 with (white area) and without the graphite sample (shaded

area). (c) Energy spectrum after background subtraction.(d) γ-ray energy spectra of

the events selected in the time interval ∆t2. (e) Energy spectrum after background

subtraction [14].
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Fig. 1.12: (a) Energy spectra obtained irradiating graphite, liquid nitrogen (1.5 l)

and water (1.5 l) samples without any time selection. (b) Energy spectra with time

selection ∆t1. (c) Background subtracted energy spectra. Shaded spectra correspond

to measurements of background performed without the investigated objects [14].
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Fig. 1.13: Simulated (a) and experimental (b) time distributions in the case of

graphite sample. (c) Experimental and MC generated γ-ray energy spectra with the

time window ∆t1 [14].

Fig. 1.13(a) and (b) are in qualitative agreement. Fig. 1.13(c) exhibits also a good

agreement between experimental and MC generated γ-ray energy spectra obtained

using the time window ∆t1.

Composite substances, such us alcohol (C2H5OH), carbomide (CH4ON2) and ammo-

nium (NH4NO3) have also been studied in Dubna, the corresponding γ-ray energy

spectra are reported in Fig. 1.14.

In all the studied cases the presence of characteristic γ-ray peaks becomes more

evident and clear after time selection and background subtraction. The carbomide

spectrum is dominated by the peak of carbon at 4.45 MeV whereas the peaks of

oxygen and nitrogen are clearly seen in the ammonium spectrum.
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Fig. 1.14: γ-ray energy spectra for alcohol (C2H5OH), carbomide (CH4ON2) and

ammonium (NH4NO3) samples. Shaded spectra correspond to background irradia-

tions [14].
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1.8 Associated Particle Systems using Sealed Tube Neutron

Generators

The development of small sealed-tube neutron generators is an important step to

allow the associated particle inspection technique to be moved out of the laboratory

into field applications.

Various manufacturers have been producing sealed tubes over the last years for non-

destructive inspections, nuclear waste assay and neutron radiography (MF Physics,

Sodern, etc). However, well-logging neutron generator tubes cannot be used for

associated particle operation. In fact they have no capability to focus the ion beam

on a small spot on the target, and have no possibility to mount internal detectors.

Research and development in this field was performed in the past or is in progress

at some laboratories, such us Argonne National Laboratories (ANL), Consolidated

Controls Corporation and the Atometer Collaboration at the DOE Special Technolo-

gies Lab in Santa Barbara, CA and the Khlopin Radium Institute in St. Petersburg.

Such works are presented in this section.

1.8.1 STNG System (Sealed Tube Neutron Generator)

The system developed by STL, Santa Barbara (California), consists of a sealed-tube

neutron generator (STNG), γ-ray detectors and associated electronics. Data are

acquired through standard NIM front-end electronics [12]. A layout of the sealed

tube structure is shown in Fig. 1.15.

The overall length of the system is 29 cm with a source-to-target distance of 14

cm. The main body of the tube has a diameter of 7.5 cm. The α detector chamber

(not shown) extends for additional 9 cm to the side. The ion source for the STNG,

designed by MF Physics, is a continuous Penning ion gauge type. The ion source

voltage is ∼ 5kV and the source floats at ∼ 120 kV. The acceleration section of

the tube is housed in a ceramic envelope. The ceramic is easy to machine to pre-

cise shapes and can be cleaned for vacuum purposes as well as glass. The extraction
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Fig. 1.15: Layout of the sealed tube neutron generator for the associated particle

imaging [12].

electrode (attached to the ion source) provides some minor shaping of the extraction

field and serves to prevent stray particles from hitting the ceramic envelope. The

focusing electrode has a variable voltage of 100-120 kV. The suppressor electrode

is the electrode nearest to the target. The focusing and the suppressor electrodes

has rather small apertures to restrict the divergence of the beam, allowing for bet-

ter focusing on target. The suppressor electrode extends also towards the focusing

electrode along the ceramic housing, to prevent stray deuterons from striking the

ceramic. It also extends downstream past the target and it is at a small negative

voltage (about 1 kV) to minimize electrons leaving the target surface. A hole on

this electrode allows the α detector to view the target.

The ion source is filled with deuterium gas. The target is tritium-loaded titanium

and is placed at 45o with respect to the beam. The target housing contains the α

detector chamber which is a conical chamber 7.5 cm in diameter at 10 cm from the

target.

In Ref.[12] the authors have tested 3 different scintillator types: GS-1 glass, P-47

and WL-1201. Since WL-1201 was the fastest (1.4 ns fast decay component) and the

brightest, it was chosen for the final detector. The overall time resolutions [FWHM]
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measured for coincidences between the α detector and the γ-ray detector was 700

ps in case of a BaF2 scintillator and 900 ps for a pure CsI detector. The last one,

although somewhat slower than BaF2, was suggested for final applications because

of its lower price.

One of the factors which might affect the time resolution is the beam-spot-to-α-

detector distance. As this distance is increased, the time spread induced by the

straggling of α particles inside the target would be also increased. However, for a

distance of 10 cm, this time spread was calculated to be about 100 ps.

In the work of Beyerle et al.[12], the complete performance of the system was mod-

eled using measured and predicted characteristics of the major components, as those

reported in Tab. 1.4. For these calculations the object was positioned at 1 m from

the sealed tube with the γ-ray detectors placed to the side.

The predicted distance resolution, using the measured time resolution for the entire

system, is shown in Fig. 1.16(a). The objects considered are cubes of 1 cm3 volume.

The centers of the objects are separated by 5 cm. The CsI detector barely resolves

the objects (dashed line), on the contrary, the BaF2 detector clearly separates the

Beam spot size [FWHM] 1 mm

α detector diameter 7.5 cm

α detector-target distance 10 cm

α detector spatial resolution [FWHM] 1.3 mm

γ-ray detector dimensions 3”×3”

Time resolution [FWHM], BaF2 700 ps

Time resolution [FWHM], CsI 900 ps

Tab. 1.4: Measured and predicted performance of the major components of the

STNG system.
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Fig. 1.16: (a) Computer simulation of the time resolution of the AP system. The

objects are two 1 cm cubes separated by 5 cm (CsI detector - dashed line, BaF2

detector - solid line). (b) Computer calculation of the lateral resolution of the AP

system. The test objects are two 1 cm cubes located at 1 m from the neutron source

[12].

objects (solid line). Additional calculations for NaI (not shown) using 2 ns time

resolution do not separate at all the objects.

A computer simulation of the lateral position resolution is shown in Fig. 1.16(b).

For the measured 1.3 mm α particle detector resolution and the calculated 1 mm

beam spot size, the overall system position resolution [FWHM] is 1.6 cm at 1 meter

distance. Experimental data on the performance of the system are not available.

1.8.2 APSTNG (Associated Particle Sealed Tube Neutron Generator)

At Argonne National Laboratory, Dickerman et al.[13] have developed a small asso-

ciated particle sealed tube neutron generator (APSTNG) for non-intrusive inspec-

tions. Also this system detects the α particle associated with each neutron and

records energy and time spectra from γ-rays resulting from neutron interactions in
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Fig. 1.17: Schematic view of the APSTNG system [13].

the object. The γ-ray detector and neutron generator are located on the same side

with respect to the interrogated object, so volumes behind walls and other confined

areas can be inspected. This system uses no collimators or radiation shielding, the

neutron generator is relatively simple and small and the complete system can be

transported in a van. The first ANL neutron sealed tube was developed by the

Nuclear Diagnostic System (NDS).

Proof-of-concept laboratory experiments have been performed for simulated nuclear,

chemical warfare and conventional munitions. Most recently, inspection applications

have been investigated for presence of cocaine in propane tanks, uranium and plu-

tonium smuggling, and radioactive and toxic waste characterization.

The general layout of the APSTNG system is shown in Fig. 1.17. In the APSTNG

system, a single special γ-ray detector is used. A NaI(Tl) crystal 10.16×10.16 cm2 in

cross section and 40.64 cm long is coupled to two fast photomultipliers, one at each
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end. Improvements in time and energy resolution are obtained by combining the

timing and energy data from the two ends, while the large detector provides good

efficiency for high-energy γ-rays. The single-pixel α detector consists of a ZnS(Ag)

screen inside the tube, coupled with an external photomultiplier tube by an optical

window. Depth resolution along the cone axis is limited by the δt ' 1 ns time

resolution [FWHM] of the system.

A PC controlled the experiment, calculated positions, and displayed data and im-

ages. In Ref.[12] the authors pointed out the necessity to develop a software for

specific applications in order to perform automated data analysis and interact with

the operator, determining which item is sufficiently suspect to require further ex-

amination.

Initial maximum neutron output of a typical NDS APSTNG is around 3×107 neu-

tron/s, but the maximum output soon decreases to about 107 neutron/s, as the

cathode target is sputtered away, and slowly decreases thereafter. An output of

∼106 neutron/s could be maintained for about 2000 hours by increasing the ion

current to compensate for target deterioration.

Although the NDS neutron tube proved to be reliable during laboratory tests, the

authors reported that the real application would require higher neutron output and

longer lifetime in terms of integrated neutron output. Moreover, field use would

require a more rugged construction, particularly for the accelerator head and the

HV power supply. Consequently, ANL collaborated with MF Physics on a higher-

output longer-life sealed-tube neutron generator and an improved control unit with

HV supply, designed to be rugged and transportable. MF Physics designed and

built the basic sealed tube to be a welded metal-ceramic unit that could withstand

mechanical vibrations and shocks during van transportation. A drawing of this sec-

ond generation APSTNG tube is shown in Fig. 1.18 , where cutaways reveal the α

window and beam forming lens configurations.

The tube has been outfitted with two getters, one acting as a backup of the other.

The original NDS tube had only one getter of simpler design that was easily dam-
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Fig. 1.18: Layout of the accelerator head for advanced APSTNG being constructed

by MF Physics [13].

aged by overheating.

The MF Physics unit provided a neutron output of at least 108 neutron/s without

any target or ion source cooling, for a total operating time of 800 hours, and a

maximum output of at least 109 neutron/s with externally supplied target water

cooling. The maximum continuous output rate with no cooling was therefore about

10 times larger with respect to the original NDS APSTNG tube, being the total

number of neutrons generated during the expected lifetime of the system 40 times

larger. It has to be stressed that in Ref.[13] more than an 8000-hour lifetime at the

107 neutron/s output rate was assumed to be cost-effective for many applications.

Considering the α-particle detector solid angle, α count rates will reach the level

of ∼7×106 per second at 108 neutron/s and ∼7×107 per second at 109 neutron/s,

so that the α scintillator should have an effective mean light decay on the order of

50 ns or less for 108 neutron/s or 5 ns or less for 109 neutron/s, with no significant

long-persistence light tails, in order to minimize pulse pile-up and saturation effects.

As previously discussed, the α scintillator rise time has to be in the subnanosecond
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range, in order to maximize time resolution. Many scintillators have been investi-

gated at ANL. Finally ZnO(Ga) was suggested for this particular application. But,

as previously reported, this detector has the disadvantage of absorbing its emitted

light, so that coating thickness and uniformity may be critical.

A relatively large HPGe γ-ray detector has also been utilized in the last version of

the APSTNG system. This detector can provide the high energy resolution needed

in applications involving complex γ-ray spectra.

Future developments of this system for specific applications might include an array

of multiple detectors, multipixel α detector, and a more powerful data acquisition

system. The group that developed this system at ANL seems to be not longer active

in this field.

1.8.3 Atometer Model GammaNoseTM

Atometer1 is a system for non-intrusive, remote and quantitative chemical recogni-

tion of explosives, drugs and chemical weapons embedded in other materials. It was

developed by HiEnergy Microdevices Corporation in collaboration with STL (Spe-

cial Technologies Laboratory) and the Measuring Science Group of LBNL Berkeley.

This system is shown in Fig. 1.19.

A 145 keV deuterium beam, consisting of molecular and atomic ions, D+
2 and D+

1,

in the ratio 90:10, is focused onto a scandium tritide target placed at 450 to the

beam. The ion source (Penning type), miniature accelerator and the water cooled

target assembly for fluxes greater than 108 neutron/s on a 4π solid angle are com-

pacted into a sealed tube. The accelerator, produced and developed by MF Physics,

is compact (55 cm long) and light (20 lb). Its lifetime is declared to be 1000 hours

with 1 mA ion current.

The α particles are detected in a fast phosphor gallium activated detector, ZnS(Ga),

placed at a distance of 10 cm to the target. The phosphor is deposited on the front

surface of a fiber optic window, as usual a thin layer of aluminum is deposited on

the inner surface of the phosphor to prevent elastically scattered deuterons from
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Fig. 1.19: Schematic view of the Atometer1 system [18].

entering the associated particle detector.

The optical window is viewed from the outside by a position sensitive photomulti-

plier (Hamamatsu R2486). Its position resolution in both x and y coordinates is 0.8

mm. The time resolution in the position mode is 6 ns.

A 80% efficiency high purity n-type germanium detector (HPGe) has been used as

γ-ray detector. The energy resolution of this detector varies from 0.15 to 0.10%

for energies from about 1 MeV to 6.5 MeV. Size and efficiency limitations of HPGe

detectors limits the upper range of detectable γ-ray energies. Based on laboratory

measurements with a 45% efficiency N-type HPGe, it is claimed by this group that

the use of HPGe detector above 6.129 MeV energy is not possible.

The observed spectra from carbon (pure graphite) and nitrogen are shown in Fig. 1.20.

Thanks to the very good energy resolution, the characteristic γ-ray peaks of nitrogen

and carbon can be distinguished. HPGe detectors are intrinsically slow, in Ref.[18]
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Fig. 1.20: Spectra from nitrogen in a steel dewar (a) and from 10 kg carbon (pure

graphite) (b) with a 80% efficiency high purity n-type germanium detector (HPGe)

[18].
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the authors have tested 10 different types of HPGe detectors at high counting rates.

They obtained good energy resolutions even at counting rates of 300 kHz. It was

claimed that HPGe detectors could be operated also at megacycle rates by reducing

the energy resolution to the 0.3% level.

In order to analyze data acquired with this system and to take a decision about

the presence or absence of illicit material, each detected molecule of a substance

has been represented as a point in a 6-dimensional space: 3 axes are the space co-

ordinates (x, y, z) and the other three are ”chemical coordinates” C′, N′, O′ (C′

= C/(C+N+O), N′ = N/(C+N+O), O′ = O/(C+N+O). C, N, O are numbers of

atoms in the molecule). Any substance (explosives, drugs or common material) is

therefore a point in this 3-dimensional space with chemical axes.

A 3-dimensional problem has been reduced to a 2-dimensional plane using the trian-

gular representation developed by Dalitz [19]. Dalitz used the property of equilateral

triangle that its height-squared is equal to the sum of the squares of the three nor-

mals from any point in the triangle, the normals being the 3 axes in the momentum

space. In this case the 3 axes are the relative number of C, N and O atoms squared:

C2′, N2′, O2′. This is illustrated for several explosives, nerve gases and innocuous

substances in Fig. 1.21. Clear separation between explosives and non-explosives

should be obtained.

In the second part of the project, Maglich et al. have developed a new system, called

Atometer2, in order to improve the performances of Atometer1. For a better ratio

of full-energy to partial-energy events, HPGe detectors have been surrounded by 5

BGO detectors, acting as an Anti-Compton shield. In Atometer2 a 10 cm diameter

and 10 cm long germanium detector has been used.

The α detector has been replaced by a matrix of wafers of surface barrier detectors,

200-300 µm thick. These detectors are characterized by an efficiency of 100% for 3.5

MeV α particles and by a collection time of 1 ns. A 8×8 detector matrix has been

developed in LBNL’s Detector Lab. Each detector is a 2×2 mm2, thus each matrix

covers 1.6×1.6 cm2 active area. In Atometer2 10 matrices of these detectors have
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Fig. 1.21: ”Dalitz” Plot of common explosives, drugs, non-explosives and biological

agents [18].

been used. No results obtained with this system have been reported so far.

1.9 Portable Neutron Sources with Nanosecond Timing

The Applied Physics group of V.G. Khlopin Radium Institute, Saint-Petersburg,

Russia, has developed a prototype mobile device for explosive detection based on

timed isotopic 252Cf neutron source, the so called Nanosecond Neutron Analysis

(NNA) technique. In a second phase of the project, the same group is now developing

also a prototype device using timed neutron source based on a portable sealed D-T

neutron generator with built-in segmented α particle detector [20].

The NNA technique is based on irradiation of the inspected object with fast neutrons

and the detection of secondary γ-rays in narrow (nanosecond range) time intervals.

In the case of the 252Cf source, the associated particles that are used to start the

time measure are the fission fragments.
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Fig. 1.22: Picture of the parallel plate air filled ionization chamber [20].

1.9.1 Timed Isotopic 252Cf Neutron Source

In order to create a timed 252Cf neutron source a very thin, high-intensity 252Cf neu-

tron source with high uniformity of the 252Cf layer and small amount of impurities

and ballast substances was prepared and a high-speed detector of fission fragments

with about 100% intrinsic efficiency, equipped with the appropriated fast electronics,

was developed. The source was prepared at V.G. Khlopin Radium Institute. The

radioactive material was micro-dropped on polished platinum disk with diameter 24

mm and thickness 0.3 mm. The diameter of the 252Cf spot was 12 mm. To prevent

self-dispersion of the substance, a thin (120 µg/cm2) layer of gold was evaporated on

the surface of the 252Cf material. The weight of the 252Cf layer was about 2 µg/cm2.

In order to detect the fission fragments of the 252Cf source, a miniature parallel plate

air filled ionization chamber was developed and built (see Fig. 1.22). The chamber,

25 mm diameter and 10 mm long, is made of stainless steel. The detector is operated

at atmospheric air pressure. A wide band current preamplifier with amplification

about 70 is used. Rise time of the output signals of the preamplifier is about 5-10 ns

and the total pulse length is under 50 ns. Efficiency of detection of fission fragments

is about 97%.

Secondary γ-rays from reactions of neutrons with the material of the investigated
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Fig. 1.23: Picture of the sensor based on timed isotopic 252Cf neutron source [20].

object were measured either with a NaI(Tl) detector (150 mm diameter and 100

mm long) or with a BGO detector (61 mm diameter and 61 mm long). Time res-

olution [FWHM] of both detectors at 4.45 MeV γ-ray energy was about 3 ns and

the reported energy resolution for the 611 keV line was about 12% for the NaI(Tl)

detector and about 11% for BGO detector. A picture of the sensor is shown in

Fig. 1.23.

Several measurements have been performed with different TNT simulants and with

non-explosive substances in order to create a library of spectra and to obtain the re-

sponse functions of the system to the various substances. These functions have been

compared to calculations done with a Monte Carlo code based on MCNP4C2 [21].

For processing experimental spectra and identifying the explosives, two algorithms

were used:

- decomposition of the measured spectrum from the unknown substance into

response functions to various elemental γ-rays by the least squares method

(LSF);
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- principal component analysis (PCA).

Experimental spectra were split into two components based on timing information:

- ”fast” spectra from inelastic scattering of fast neutrons, corresponding to a

time gate ∆t = 9-16 ns;

- ”slow” spectra from neutron capture reactions, corresponding to a time t ≥

70 ns.

Using the LSF method the recognition probability of the TNT phantom was 90%

and the probability of false alarms was 6%. With the PCA method the recognition

probability for TNT was 97% with the probability of false alarms was about 4%.

1.9.2 Portable Sealed Neutron Generator

As discussed previously in this chapter, the main advantage of a portable neutron

generator with built-in position sensitive detector of α particles, with respect to the

252Cf source, is the possibility of determining precisely the volume under investiga-

tion.

A nine-segment semiconductor α particle detector have been developed and installed

in a portable sealed neutron generator produced by the All-Russia Institute of Auto-

matics (VNIIA), Moscow. The detector consists of nine 1×1 cm2 segments arranged

in a 3×3 matrix located at 6.2 cm from the target (see Fig. 1.24). The time resolu-

tion of the detector for 3 MeV α particles is claimed to be of the order of 100 ps.

This detector was tested with different α sources, and proved to withstand count

rates up to 106 counts/s·cm2. At such count rates the expected lifetime of the de-

tector is declared to be over 1000 hours of continuous work. With a flux of 106

counts/s·cm2 in 1000 hours the α particle detector should be irradiated by 3.6·1012

α particle/cm2. As reported in Sec. 1.5, such dose is largely sufficient to induce

radiation damage in common surface barrier detectors.

By detecting only the γ-rays in coincidence with α particles in a time window of 8
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Fig. 1.24: Picture of the α particle detector [20].

Fig. 1.25: Example of ”fast” γ-ray spectra obtained with the neutron generator [20].

ns, it is possible to select neutron induced reactions that take place within a 10×10

cm2 area at about 60 cm from the target. No shielding of the γ-ray detector against

the direct flux of neutrons was used. It is reported that, due to problems with the

high voltage power supply of the neutron generator, the flux of 14 MeV neutrons

was kept low (2×106 neutron/s on 4π). An example of ”fast” γ-ray spectra obtained

with the neutron generator is shown in Fig. 1.25. The background spectrum (sand

without the dummy landmine), the spectrum of the dummy landmine at 1 cm from
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Fig. 1.26: Time needed to identify a dummy landmine using PCA method as a

function of the burial depth [20].

the surface of the sand and the net spectrum of the landmine are shown, obtained

subtracting the background with the appropriate weight.

Fig. 1.26 shows results of recognition of experimental spectra relative to dummy

landmine irradiation using the PCA method. The landmine was buried at different

depth in wet (25% humidity by weight) and dry sand. The measurements were per-

formed using both neutron sources (252Cf and neutron generator) at 106 neutron/s

over 4π. A 200 gr dummy landmine, with 100 gr of TNT simulant, can be detected

by the 252Cf source based device at depths up to 5 cm in about 1 hour and by the

neutron generator based prototype at depths up to 10 cm in about 1 minute.

The results presented by the St. Petersburg group are certainly very interesting.

However it has to be noticed that the lifetime of the commercial VNIIA neutron

generator, as reported in technical documentation, is very short (some hundred

hours) to be considered for real field applications.
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1.10 Conclusions

The results reported in this Chapter demonstrate clearly that the Associated Particle

Technique can be employed in inspection systems looking for hidden objects (as the

case of landmines).

Results document the possibility of defining electronically the voxel to be inspected,

thus increasing significantly the signal-to-noise ratio in the coincident γ-ray spectra.

However systems developed up to now were limited strongly by the poor performance

of the sealed tube neutron generators and by limitations due to the counters used in

detecting the α particles. Moreover, some very promising systems as the ANL one,

suffered in the past from funding and personnel problems so that the project was

stopped. It has also to be stressed that part of the above systems were developed in

projects bearing confidentiality requirements, so that part of the developed material

is not publicly available. On the contrary there is also the suspect that some claims

on the capability of some systems launched in the past via Internet have no solid

basis but have been used only in commercial advertising.

In any case, it seems worth continuing the investigation of the properties of AP

systems, trying to make progress both on the detector and neutron generator sides.

41



42



Chapter 2

The EXPLODET Fast Neutron System

2.1 Introduction

A project to build a scanning system based on 14 MeV neutron tagged beams was

approved within the COFIN99 programs of the Italian Ministry for Research and

University, MURST, and funded jointly by MURST, INFN and the Universities of

Bari, Padova and Trento.

The project foresaw the design and construction of a first version of the scanning

system and the measurement of its sensitivity in detecting buried explosives, chem-

ical weapons and narcotics.

In the first phase of the project, deuteron beams produced using the CN Van de

Graaff accelerator at the National Laboratories of Legnaro (LNL) have been used.

In a second phase of the project, the system was supposed to be connected to a

portable, compact accelerator, to realize a prototype of mobile scanning system.

The development of this portable accelerator is discussed in Chapter 4 of this work.
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2.2 Description of the LNL Sensor

In the experimental hall at the CN accelerator of the LNL an existing reaction cham-

ber equipped for the production of mono-energetic 14 MeV neutrons was located at

the end of the +30o beam line, as shown in Fig. 2.1.

The experimental station consists in a spherical vacuum chamber made of 1 mm

thick stainless steel with a diameter of 37 cm. The inside view of the reaction

chamber is shown in Fig. 2.2. A nozzle mounted at the beam entrance allows the

positioning of collimators and beam degraders to provide a low energy (about Ed

' 200 keV) deuteron beam. In fact, the CN accelerator cannot be operated at

terminal voltage lower than 2 MV, whereas, as previously discussed in Sec. 1.1, we

are interested in using deuteron beams of some hundreds of keV, to optimize the

production of tagged neutrons. Therefore, the Ed = 2 MeV D beam was first defined

by an entrance tantalum collimator (0.5 mm thickness and 6 mm diameter), then

degraded in energy down to Ed ' 200 keV by a tantalum absorber 19.5 mg/cm2

Fig. 2.1: Reaction chamber installed at the end of the +300 beam-line in the exper-

imental hall at the CN accelerator of the Laboratori Nazionali di Legnaro.
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Fig. 2.2: Inside view of the reaction chamber.

thick. Such foil thickness has been calculated using the SRIM package [22], which

is a group of computer programs, developed by J. F. Ziegler, which calculates the

stopping and range of ions (up to 2 GeV/amu) inside matter using a quantum me-

chanical treatment of the ion-atom collisions. The range of deuterons in tantalum

as a function of deuteron energy is shown in Fig. 2.3, as computed with SRIM. The

right nominal thickness of the tantalum foil has been calculated by subtracting the

range value (0.92 µm) of Ed = 200 keV deuterons to the full range (12.72 µm) of

the incident particle with energy Ed = 2 MeV. The absorber has been then selected

among the thickness available in our laboratory.

As can be seen in Fig. 2.4, the calculated energy of deuterons after the 19.5 mg/cm2

tantalum foil is centered at about Ed ' 280 keV with a significant energy dispersion,

due to the energy loss straggling. Calculated values were obtained using a Monte

Carlo program called TRIM (the Transport of Ions in Matter), which treats com-

plex targets made of elemental or compound materials, up to eight layers, each of

different materials and then it calculates the final 3D distribution of the ions and

all kinetic phenomena associated with the ion energy loss [22].
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Fig. 2.3: Range of deuterons in tantalum as a function of deuteron energy.

The angular straggling, calculated with TRIM, of the deuterons exiting the tantalum

foil is about 15o, which would produce at the target position (10 cm downstream) a

beam spot of few centimeters in diameter. To reduce such effect, a 3 mm diameter

collimator has been placed close to the target to define the final beam dimension.

The neutron production target consists of 1.4 Ci of tritium absorbed into a titanium

matrix of 10 mm diameter and 8 µm thick deposited onto a copper disk of 20 mm

diameter and 2 mm thick. In order to avoid tritium leaks, the TiT target has to

be maintained at low temperature (less than 140 oC [23]). In our case the target

temperature, monitored using a PT100 gauge during the initial irradiations, turned

out to be only slightly above room temperature, so it is not necessary to use a target

cooling system. The target is mounted on an aluminum holder, that can be moved

and rotated through a vacuum feed-through from the outside, its standard position

being at the center of the reaction chamber.

The vacuum system connected to the reaction chamber consists of two oil free pump-

ing units, a primary dry pump and a secondary turbo-molecular unit with magnetic

suspension bearings.
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Fig. 2.4: Predicted energy distribution of deuterons after a 11.8 µm thick tantalum

foil.

In order to monitor possible tritium contamination of fluids, the exhausts of such

units are connected to a Berthold LB-5310 system, that interlocks the safety system

of the accelerator. In case the level of tritium detected in the expansion vessel of

the LB-5310 monitor exceeds the safety threshold (set at 70 kBq/m3), an ultra-fast

vacuum valve isolates the beam line and the beam is stopped at the accelerator exit.

This fast valve system will prevent possible contamination of the CN accelerator,

especially of the accelerator vacuum pumps [24].

The Multi Logger LB 5310 is a data acquisition and processing system for monitoring

the tritium activity concentration in room and exhaust air. Its program structure

is designed for activity and dose rate measurements in radiation protection, envi-

ronmental protection and the radionuclide laboratory. This system consists of two

separate components: the pump and detector unit incorporating the operating elec-

tronics, housed in a 19” module, and the evaluation and display electronics, for

which, depending on the intended application, different systems from the Berthold

program are available [25]. A picture of the Multi Logger LB 5310 system is shown

47



Fig. 2.5: The Multi Logger LB 5310 system for tritium contamination monitoring

[25].

in Fig. 2.5.

Inside the reaction chamber, a stand is used to position charged particle detectors

at 90o with respect to the beam direction, at various out-of-plane angles. A charged

particle detector is mounted at an azimuthal angle of 45o, which is used for tagging

the neutrons from the reaction T(d,n)4He using the associated particle technique.

Such detector consists of a Parallel Plates Avalanche Counter (PPAC) located at

7.5 cm from the target. The PPAC is divided into 10 adjacent pixels of 10×10 mm2

each one with independent read out. In this way it is possible to define ten different

cones of neutrons by means of a kinematical coincidence with the associated α par-

ticle detected in the PPAC. A schematic view of the 10 cones of neutrons defined

by the PPAC detectors is shown in Fig. 2.6.

A more detailed description of the PPAC detector will be reported in Sec. 2.2.1.

The γ-ray array, shown in Fig. 2.7, consists of 10 BaF2 detectors, with hexagonal

base (50 cm2) and 12 cm long. The center of the BaF2 array is positioned at about

90 cm from the target and the distance between the detector’s centers is 10 cm.

The system shown in Fig. 2.7 is the one used for tests on the detection of buried
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Fig. 2.6: Schematic view of the 10 neutron cones defined by the 10 PPAC detectors.

explosives (i.e. landmines).

Conventional NIM electronics is used for the read-out of individual PPAC anodes

and γ-ray detectors. The description of the front-end electronics will be reported

in Sec. 2.2.3. In particular two pattern units are used to identify the anode and

the scintillator participating to the events. The coincidence time between the α-

particle detectors and the γ-ray detectors and the energy of the detected γ-ray are

also measured for each event. Consequently 4 parameters are stored for each event

in a PC based acquisition system employing flash ADC [26], which will be described

in Sec. 2.2.4.

Since several NIM modules used in this work are octal (i.e. have only 8 sections), for

budget reasons we have decided to use only eight PPAC detectors and eight γ-ray

detectors to perform all measurements reported here.
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Fig. 2.7: The γ-ray detector array.

2.2.1 Description of PPAC Detectors

Parallel Plate Avalanche Counters (PPAC) are gas devices usually employed in Nu-

clear Physics experiments as heavy charged fragment detectors [27].

In general, the PPAC consists of two parallel plate electrodes separated by a gap

of few millimeters. Between the electrodes a counting gas is introduced and a ho-

mogeneous electric field is produced which, under conditions of relatively low gas

pressure, can reach values as high as 4×106 V/m·atm.

A charged particle that traverses the gap between the plates leaves a trail of ions

and electrons, which then drift towards their respective collecting electrodes. Dur-

ing the migration of these charges, many collisions normally occur with neutral gas

molecules. Because of their low mobility, positive and negative ions achieve very

little average energy between collisions. Free electrons, on the other hand, are easily

accelerated by the applied field and may have significant kinetic energy when under-

going a collision with the gas molecules. If this energy is greater than the ionization
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energy of the neutral gas molecule, it is possible that an additional ion pair is cre-

ated in the collision. Because the average energy of the electron between collisions

increases with increasing electric field, there is a threshold value of the field above

which this secondary ionization occurs. The electron liberated by this secondary

ionization process is also accelerated by the electric field and then undergoes colli-

sions with other neutral gas molecules, thus creating additional ionization. The gas

multiplication process therefore takes the form of a cascade, known as a Townsend

avalanche, in which each free electron created in such a collision can potentially

create more free electrons by the same process [16]. The fractional increase in the

number of electrons per unit path length is governed by the Townsend equation:

dn

n
= αdx (2.1)

where α, called the first Townsend coefficient, is the ionization probability per mean

free path. This coefficient is a function of gas type and magnitude of the reduced

electric field E/p, where E is the electric field and p is the gas pressure. α is zero

for electric field values below the multiplication threshold and generally increases

with increasing E/p above this minimum. For a constant electric field (as in PPAC),

the parameter α in the Townsend equation is a constant. The solution of the equa-

tion predicts that the density of electrons grows exponentially with distance as the

avalanche propagates between the electrodes:

n(x) = n(0)eαx (2.2)

where n(0) is the number of primary electrons and x is the distance between the

electrodes, i.e. the detector gap [16]. Maximum gas gains of the order of 104 can be

achieved with a reduced electric field of the order of 500 V/cm·Torr. Considering

an α value of about 100 cm−1 and an electron drift velocity of about 10 cm/µs, the

rise time of the signal results to be of the order of 1 ns.

PPAC detectors have been chosen for our system for several reasons. First of all

PPAC is a low cost detector with practically no radiation damage, it allows sub-

nanosecond time resolutions and its count rate capability is very high. In fact, our
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tagging system has been tested under beam conditions up to a rate of 200 kHz of α

particles per pad.

In developing a prototype of PPAC specially designed for the AP technique, a set

of preliminary laboratory tests has been performed to study the detection efficiency

and time resolution of these detectors as a function of gas pressure, applied bias and

distance between the electrodes [28].

The electrode plates for the preliminary laboratory test were made by a mylar foil

with a 100 µg/cm2 gold deposition glued on a stesalite circular frame with internal

diameter of 4 cm. The gap between the plates was initially set at 2 mm. The de-

tector was filled with isobutane (C4H10).

A version of the PPAC in which one of the foils has been replaced by an electro-

formed high transparency (about 90%) copper mesh grid (80 wires/inch) was also

tested. This second version of the detector is called Parallel Grid Avalanche Counter

(PGAC) and is supposed to present a higher mechanical robustness with respect to

the foil type.

PPAC and PGAC detectors have been widely studied in Ref.[27]. In that work the

authors studied the time and energy resolutions of different versions of PPAC and

of two type of PGAC, one with the two electrodes replaced by 2 grid foils and an-

other with only one electrode replaced by a grid foil. In the case of the PGAC with

two grids as electrodes, the time resolution was measured to be a factor 3 worse

compared with standard PPAC. This time worsening can be explained looking at

the different electric field into the detectors. In the PPAC the electric field, ne-

glecting edge effects, can be assumed to be constant so that the electrons in all the

avalanches drift with the same velocity along paths normal to the electrodes sur-

faces. In the PGAC, the electric field is not constant and both velocity and electron

paths depend on the particle impact point between the wires. Moreover, different

mesh grids influence electric field distribution in the active volume, and better time

resolutions were achieved when using grids with 80 lines per inch. The measured

time resolutions of PPAC and PGAC are shown in Fig. 2.8.
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In the case of PGAC detectors with mixed electrodes (foil-grid), different time reso-

lutions were obtained using the grid as cathode or as anode. The foil (cathode)-grid

(anode) configuration behaves like a PPAC, suggesting that the main contribution

to the PGAC timing worsening is related to the electric field near the cathode, where

the avalanche starts to grow.

In our laboratory tests, the time resolution of detectors was measured using the

coincidence between the signals due to the energy loss of α particles (241Am source)

traveling through two subsequent PPAC or PGAC. A layout of the system used for

time measurements is shown in Fig. 2.9. From the width of the coincidence peak,

the time resolution of a single detector can be extracted. It is found that the time

resolution for both PPAC or PGAC is about 1 ns for α particles. The obtained

resolution is good enough for our application since the scintillator crystals, used to

detect the γ-rays, have typical time resolutions of about 1 ns.

The efficiency of the PPAC was measured using a 241Am source. A schematic view

of the system and the electronic chain used for these measurements is shown in

Fig. 2.10. The emitted α particles were degraded in energy down to Eα ' 3.5 MeV

(i.e. the energy of the α particles emitted in the D+T reaction) by an aluminum

Fig. 2.8: Measured time resolutions of PPAC and PGAC from Ref.[27].
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foil. The α detection efficiency of the PPAC was measured against a standard sil-

icon surface barrier detector ORTEC (mod. BF 30-100-60). The efficiency is then

defined as the ratio between the PPAC-silicon coincidences and the silicon detector

singles. Typical efficiency curves as a function of the applied bias for two different

values of the gas pressure 20 and 50 Torr are reported in Fig. 2.11.

The two curves show a behavior typical of threshold processes. In fact, as discussed

previously, the avalanche regime starts at a given critical value of the electric field

between the plates. The efficiency reaches quickly 100% in both cases and remains

Fig. 2.9: Schematic view of the system and of the electronic chain used for time

resolution determination.

Fig. 2.10: Schematic view of the system and of the electronic chain used for efficiency

measurements.
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Fig. 2.11: PPAC efficiency as a function of the applied voltage for two different gas

pressure values.

constant for a wide range of applied fields. As can be noticed from Fig. 2.11, the

optimal bias values at which this particular detector is operated are about 800 V

and 1300 V for 20 and 50 Torr gas pressure, respectively.

In the case of 20 Torr gas pressure, our version of the PGAC presents the same

behavior with the applied voltage as the PPAC one. The only difference is that in

the PGAC case the efficiency plateau is reduced from 150 V of the previous case to

70 V because of discharges at higher voltage values. This is probably due to pla-

narity defects or dust on the electrode surface and can be avoided by an improved

procedure in grid handling.

In the case of a 1 mm gap between the electrodes, the optimal bias is about 550 V,

because of the increased electric field, and the plateau is about 50 V wide.

After these preliminary laboratory tests, a first segmented prototype has been real-

ized and tested with an α particle beam. We selected a PGAC having 2 mm gap,

operated at 20 Torr of isobutane. In such conditions the detector is biased at a

relatively low applied voltage of about 800 V, with good stability characteristics.

In Fig. 2.12 the electrodes of the detector are shown before being assembled.
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Fig. 2.12: The elements of the PGAC prototype before assembling. Top: entrance

window support. Middle: mesh grid support (cathode). Bottom: the ten pads (an-

odes) with individual read-out lines.

As previously indicated, the prototype is divided in 10 adjacent pads of 10×10 mm2

area, used as anodes, each one with individual read-out line. The ten pads are ob-

tained on a G-10 epoxy support, that has two apertures (not shown in Fig. 2.12)

for the gas flow, positioned next to the two external pads. The cathode is made of

an electroformed copper mesh grid (80 lines per inch), provided by Buckmears Inc.

The mesh grid is glued directly onto a G-10 support and is biased at a negative

applied voltage by means of a SHV cable. The external part of the detector frame

is grounded. The cathode electrode has been directly glued on the anode support

using a two component epoxy glue. Finally, the entrance window support frame

has been positioned on the cathode upper surface. In a first version, the entrance

window of the PPAC was made by a 1.5 µm thick mylar foil.

The assembled detector, with the three constitutive elements glued together, is

shown in Fig. 2.13. In the picture, the 10 Lemo connectors for the pad read-out,

the two small tubes for the gas flow (top of the figure) and the HV cable are seen.
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Fig. 2.13: The assembled first PGAC prototype for the AP technique.

The gas pressure is maintained constant using two needle valves which control the

gas flow.

A first in-beam test of the prototype has been performed at the CN VdG accelerator

of the Laboratori Nazionali di Legnaro in July 2000 by using the scattering of Eα

= 5.4 MeV α particles from a Si target. In that test, the detector showed good

performances with a sharp and stable output signal having only few ns rise time

after a fast amplification via a EG&G FTA 810 Fast Amplifier. Typical counting

rate for each pad was about 60 kHz.

In a second test, performed at the CN in January 2001 using the D+T reaction,

coincidences between α particles and γ-ray detectors were also performed.

The latter test evidenced the need to increase the thickness of the mylar window

in order to stop completely not only the scattered deuterons of the beam but also

β rays from the T target activity. Consequently, in a second PPAC prototype the

entrance window was made with a 6 µm thick kapton foil, that stops completely

both the scattered deuterons and the β rays from the tritium decay.

The range of deuterons in kapton as a function of deuteron energy (calculated with

SRIM [22]) is shown in Fig. 2.14, it is clear that a 6 µm thick kapton foil can stop
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Fig. 2.14: Range of deuterons in kapton as a function of deuteron energy.

Fig. 2.15: Energy distribution of β rays from the tritium decay.

deuterons of energy up to Ed = 600 keV.

The energy distribution of the β particles from the tritium decay is shown in

Fig. 2.15. The endpoint energy is Eβ = 18.6 keV and the mean energy is about

Eβ = 5.68 keV. As can be seen in Fig. 2.16, the bulk of the β rays from the T decay
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Fig. 2.16: Range of β-rays in kapton as a function of energy.

will be also stopped in the 6 µm thick kapton foil [29].

2.2.2 γ-Ray Detectors

Barium fluoride is an inorganic scintillator generally used in fast timing measure-

ments. It is indeed a high-Z scintillation material that exhibits a fast scintillation

component with decay time of 0.6 ns. This combination of properties makes the

material attractive for applications in which both high detection efficiency per unit

volume and a fast response are required [16].

The BaF2 crystals used in our array were already available in our laboratory, being

manufactured by Korth Kristalle Gmbh (Germany) in the eighties, and used in the

past in the MIPAD spectrometer (1987). These crystals are characterized by a low

level of α background contamination [30]. We have used the original detectors avail-

able from the decommissioning of the MIPAD set-up. The linearity of the response

of these detectors for various incident γ-ray energies (from Eγ = 1 MeV to Eγ = 6

MeV) has been checked and all detectors except one exhibit a linear response.

The actual energy resolution of the BaF2 detectors, as obtained for a 22Na source,
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is reported in Tab. 2.1. Measured values are significantly worse than the ones origi-

nally reported in Ref.[30] (i.e. 11% for the 137Cs line), which is probably due to the

aging of the detectors and associated electronics.

2.2.3 Front-End Electronics

The 8 BaF2 scintillators, used in the measurements reported here, are operated at

1900 V supplied by a High Voltage Power Supply (CAEN, mod. SY127). The BaF2

preamplifiers provide a fast output for the time signal and a slow one for the energy

signal. The time signals are then amplified by a Fast Amplifier (8ch Fast Amplifier,

CAEN, mod. N412) and fed to a CFD (Octal Constant Fraction Discriminator,

EG&G ESN, mod. CF8000) to set the discrimination threshold. Each CFD output

logic pulse is sent to a QUAD COINCIDENCE LOGIC UNIT (CAEN, mod. N455),

which provides a logic output pulse only when the coincidence condition (AND) be-

Detector Eγ = 511 keV Eγ = 1274 keV

number FWHM (%) FWHM (%)

1 18.5 12.4

2 14.8 10.0

3 15.7 10.1

4 16.9 10.6

5 15.0 9.3

6 17.1 11.1

7 15.9 9.9

8 15.9 10.2

Tab. 2.1: Energy resolutions for the 8 BaF2 scintillators as measured using a 22Na

source.
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tween the CFD logic signals and the Master Trigger is satisfied, the Master Trigger

being defined later in this paragraph. The output pulses of the QUAD COINCI-

DENCE LOGIC UNIT are sent to a home made (M. Caldogno, Physics Department,

Padova) γ-ray PATTERN UNIT whose output is fed to the Flash ADC channel#1,

which digitalizes the signal and generates a spectrum that defines the BaF2 detector

that fired.

Each slow signal of the BaF2 detectors is amplified by a Shaping Amplifier module

(Dual Spectroscopy Amplifier, EG&G ORTEC, mod. 855), which provides two lin-

ear outputs (unipolar and bipolar); the unipolar one is sent to a LINEAR GATE

module (PHILLIP SCIENTIFIC, mod. 744), which is enabled by the AND logic

pulse between the corresponding CFD logic signals and the Master Trigger. Using

this electronic chain only the linear output of the BaF2 involved in the event is

filtered out, which is identified by the PATTERN UNIT. The LINEAR GATE out-

puts, corresponding to the 8 BaF2 detectors, are sent to a LINEAR FAN IN FAN

OUT module (CAEN, mod. N401), which provides the OR signal of all the input

signals. The OR output is sent to the Flash ADC channel#2, where the energy of

the γ-ray is digitalized.

The PPAC signals are amplified by a Fast Amplifier (Octal Fast Amplifier, EG&G

ESN, mod. FTA 810) and formed by a CFD (Octal Constant Fraction Discrim-

inator, EG&G ESN, mod. CF8000). The CFD outputs are processed by the α

PATTERN UNIT and then the output of the PATTERN UNIT is sent to a Flash

ADC channel#3.

The CFD output signals of all the 8 BaF2 scintillators are sent also to the γ-OR

module. The CFD output signals of the PPAC detectors are also sent to the corre-

sponding α-OR module. The coincidence between the γ-OR and the α-OR is pro-

vided by the MASTER TRIGGER module (QUAD COIN, ESN, mod. CO4000),

which generates a trigger for the acquisition for any combination of pads and γ-ray

detectors. In the generation of the MASTER TRIGGER the time information (i.e.

the rise time) of the output signal is associated to the γ-ray component of the co-
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Flash ADC Signal

channel#1 γ-ray PATTERN UNIT

channel#2 γ-ray energy

channel#3 α particle PATTERN UNIT

channel#4 α detector-γ-ray detector coincidence time

Tab. 2.2: Input signals to Flash ADC channels.

incident signal. The α-OR provides also the start to the TAC (Time to Amplitude

Converter, ORTEC EG&G, mod. 566), while its stop is given by the logic output

pulse of the MASTER TRIGGER, properly delayed (delay generator, CAEN, mod

N108). The output of the TAC is sent to Flash ADC channel#4, where the time

delay between the α-particle and the γ-ray is registered.

A layout of the front-end electronics is shown in Fig. 2.17

The signals sent to each Flash ADC channel are summarized in Tab. 2.2

In order to control the detector rate, the γ-OR and the α-OR signals have been also

sent to two different channels of a rate meter (Quad Scaler mod.145, CAEN). The

counting rate of a single α particle detector and the coincidence rate between the

α-particle detectors and the γ-ray detectors have been also controlled by rate meter

channels.

In order to monitor the gas pressure inside the PPAC detector, a TV camera was

positioned in front of the gas pressure controller and the image was sent to a screen

in the control room.

2.2.4 Acquisition System Description

A system for the acquisition and processing of the signals has been developed by

INFN Padova within the EXPLODET Project using a Flash ADC NuDAQ PCI-
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Fig. 2.17: Schematic view of the front-end electronics. For simplicity, only the

complete chains for BaF2 #1 and PAD #1 are shown. For details see the text.
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9812 from ADLink Technology Inc., TAIWAN [26], mounted on a PC with i386

CPU architecture. A picture of the card is shown in Fig. 2.18.

The main advantage of this card with respect to a traditional ADC, is the possibility

to sample the input analog signal up to 20 MHz sampling rate, allowing a shape

analysis, at a relatively low cost (around 600 USD/channel). The main features for

this card are the following:

- 4 A/D 12bit (4096 channels) converters at 20 MHz simultaneous sampling

rate;

- 32k word FIFO memory where samples are stored before being transferred to

the PC memory through a PCI bus-mastering DMA;

- several trigger modes, including internal trigger, external positive and negative-

edge trigger, external logic TTL trigger;

- 5 BNC input connectors: 4 of them are the analog input channels and the last

one can be used to give an external custom clock. An input voltage range of ±1

Volt or±5 Volt can be selected by soldering the proper pads on the card. In our

case the four input signals are represented by ADC#1, ADC#2, ADC#3 and

ADC#4. ADC#1 provides the BaF2 detector identification, ADC#2 provides

Fig. 2.18: The PCI-9812 Card (from ADLink Technology Inc, TAIWAN).
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the γ-ray energy spectrum, ADC#3 provides the α detector identification and

ADC#4 provides the coincidence time spectrum. The external trigger signal

is provided by the Master Trigger.

ADLink provides a development kit (PCIS-DASK) for MS Visual C++ applications

on Windows and Linux Operating Systems. Using these libraries a dedicated soft-

ware for the data acquisition and automatic data processing of signals has been

developed [26]. Different algorithms for sampled signal conversion and pileup re-

jection have been developed and tested. To this end, several classes for the data

acquisition (CPCI9812Card), signal processing (CPCI9812Signal), reading/writing

to file (CPCI9812Event) and more have been written using standard C++ language

(platform independent). A graphic user interface has been developed using MS Vi-

sual C++ 6.0 to control the card settings, the signal processing parameters and to

visualize the signals (oscilloscope mode) and the spectra (MCA mode). Fig. 2.19

shows a snapshot of the program for Linux environment.

The first task of the signal processing is to get the energy information. For ampli-

fied signals this means finding the value corresponding to the maximum height of

the quasi-gaussian shaped input signal. Different conversion algorithms have been

tested in order to get the best maximum evaluation using only a few sampled points

around the maximum (raw maximum, 3 points parabolic interpolation, polynomial

fit, cubic spline interpolation...). A parabolic fit over 5-7 points has been found to

be a good compromise between precision and speed. As an example, the spectrum

of a 152Eu source taken with an HPGe detector and processed by the FADC is shown

in Fig. 2.20. The resolution at 1.33 MeV is 2.85 keV, similar to the one obtained

using standard laboratory acquisition systems.

For each sampled signal, the processing algorithm determines also the time T, at

which the maximum height of the amplified signals is reached. The time distribu-

tion shows that the beginning of the sampling with respect to the external trigger is

randomly delayed in a time window that usually accounts for few sampling points

(from 50 to 200 ns). When the sampling is started, however, it is almost simul-
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Fig. 2.19: Snapshot of Linux version of the PJMCA program.
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taneous for all enabled channels. With the PJMCA program it is also possible to

choose a particular channel (master channel) to give the reference time for all other

channels, thus reducing the time uncertainties.

After the sampling cycle, a fixed amount of data (depending on the selected ac-

quisition time, sampling rate and number of enabled channels) is transferred from

the card memory to the PC memory through the PCI bus. During this time the

card cannot sample other signals (acquisition dead time). An additional processing

dead time has to be considered, which depends on the algorithm used for the on-line

analysis of the data and on the CPU performance. In Fig. 2.21 the fraction of the

converted signals as a function of the input signal rate is shown for a typical config-

uration (1 µs acquisition time, 20 MHz sampling rate) and 1 or 4 enabled channels.

It results that an input rate lower than about 2 kHz has to be used in order to keep

the total dead time lower than 20%. Slightly better results can be obtained under

Linux, probably due to a better management of the PCI bus [26].

With this acquisition system, two different approaches were studied to filter out

Fig. 2.20: a) Typical sampling of an amplified signal. b) 152Eu spectrum from a

HPGe detector [26].
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Fig. 2.21: Fraction of acquired signals vs the input rate for 1 µs acquisition time, 20

MHz sampling rate, 1 (upper line) or 4 (lower line) enabled channels and Windows

NT (black lines) or Linux (gray lines) operating systems [26].

pile-up events, the filtering being possible both on-line and off-line. In a first ap-

proach, the presence of pile-up was checked looking at the first derivative of the

signal. In Fig. 2.22, three typical cases of pile-up signals that can be detected with

this algorithm are shown. The first signal (Fig. 2.22a) begins upon a previous rais-

ing signal. In the second case (Fig. 2.22b) two clear maxima are seen in the first

derivative inside the integration region. In the last case (Fig. 2.22c) a short time

pile-up produces an increase on the first derivative width. All these signals have to

be rejected by setting proper gates on the corresponding parameters.

The second approach consists in comparing each processed signal with a reference

one, as shown in Fig. 2.23. In this case the signals showing pile-up effects are iden-

tified and rejected on the basis of the calculated χ2 .

The main difficulty in this approach is the definition of the reference signal. In this

respect, the PJMCA program allows to build the reference signal averaging over a
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Fig. 2.22: Typical examples of pile-up signals detected by the rejection algorithm

(a-c) and their first derivatives (d-f); see text for details [26].
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Fig. 2.23: Example of pile-up signal (black) compared with the reference signal

(gray). The resulting χ2 distribution for a number of events is shown in the insert

[26].

large number of signals acquired during a low rate measurement when the pile-up

probability is minimized. This second approach resulted to be slightly more efficient

with respect to the first one, but it requires a longer setting procedure.
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Chapter 3

The EXPLODET Sensor Characterization

3.1 Introduction

The characterization of the EXPLODET sensor is discussed in this chapter.

The data presented here have been acquired during two test runs performed in May

2001 and in May 2002, with the system described in the previous chapter. A neutron

flux of about 106 neutron/s over 4π was obtained with the deuteron beam provided

by the CN Van de Graaff accelerator at LNL.

3.2 PPAC Pads - γ-Ray Detectors Correlation

The correlation between the PPAC pads and the γ-ray detectors has been studied

in order to verify experimentally which pad is correlated to each γ-ray detector. To

this end, a run in which the tagged neutron beam was hitting directly the soil box,

was used. In the following, the PPAC pads and the γ-ray detectors will be indicated

with αm and γn, with m = 2-9 and n = 1-8.

The distribution of the single events in the 8 PPAC pads is shown in Fig. 3.1, where

is compared with the geometrical solid angle subtended by each pad. The shape of
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the experimental distribution reflects the pad solid angles, with respect to the beam

spot on the target, which are decreasing from the center to the edges of the detector.

Pad α7 deviates from the average trend probably due to slightly higher threshold in

the electronic chain.

Selecting the coincidences with each BaF2 counter, it is possible to determine the

PPAC pads correlated with each γ-ray detector.

This correlation can be explained by some simple geometrical and kinematic con-

siderations. Since the ratio between the distances target-PPAC and target-soil is

7.5:100, the cone of neutrons, defined by each PPAC pad, explores a 13×13 cm2

pixel on the soil surface. Each fast γ-ray detector, by solid angle considerations,

can investigate mainly one or two pixels on the soil. The angle between the cone of

neutrons and the correlated pad is determined by the energy of the deuteron beam.

Consequently, since the deuteron beam has an average energy (Ed) of some hundred

keV, as discussed previously, the angle between the α-particle and the neutron (θαn),

produced in the D+T reaction, is centered around 170o, average value corresponding
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Fig. 3.1: Comparison between the solid angles seen by the eight PPAC pads (line)

and the relative yield distribution of the PPAC pad events (dots).
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Fig. 3.2: Typical distribution of the events in some PPAC pads, selecting the coin-

cidences with the γ-ray detectors marked in the inset.

to the average deuteron beam energy Ed = 110 keV. As an example, for two energies

of the deuteron beam, Ed = 70, 200 keV, the angle θαn results to be 172o and 167o

respectively.

The correlation between the PPAC pads and the γ-ray detectors is shown in Fig. 3.2

for some γ-ray detectors. A clear correlation between different regions of the PPAC

counter and different γ-ray detectors is obtained confirming that, by selecting a spe-

cific PPAC pad, it is possible to define a particular cone of neutrons hitting a pixel

on the soil.

The first momentum of the distributions in Fig. 3.2 has been extracted, in order to

determine the average value of the correlated pad <α> for each BaF2 detector. The
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γ-ray Measured Simulated

detector Pad Pad

2 6.8 6.5

3 6.1 5.5

4 5.1 4.9

5 4.7 4.3

6 3.7 3.7

7 3.2 3

Tab. 3.1: Comparison between measured and Monte Carlo simulated Pad correlated

with some BaF2 γ-ray detectors.

experimental <α> values are reported in Tab. 3.1 where are compared with results

from Monte Carlo simulation. The Monte Carlo program, developed to simulate our

system, is presented in detail in Appendix A.

As a further example, the comparison between the measured (top panel) and the

simulated (bottom panel) PPAC pads correlated with the detector γ5 is shown in

Fig. 3.3. The first momentum of the distribution gives <α> = 4.70 ± 0.02 for the

experimental distribution to be compared to the simulated value, which results to be

<α> = 4.26 ± 0.02. The difference between these two values is explained assuming

that the mechanical alignment between the α detector and the γ-ray array is not

completely correct. Moreover the FWHM of the distribution of the α detectors is

1.68 ± 0.03 for the measured distribution and 1.35 ± 0.03 for the simulated one.

The disagreement between these two values might indicate that also the distance

target-PPAC is slightly grater than the nominal one.
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Fig. 3.3: Comparison between the measured (top panel) and the simulated (bottom

panel) distribution of the pads correlated with the detector γ5.

3.3 Neutron Beam Dimensions

In order to obtain a more quantitative understanding of the sensor performance,

with reference to the dimensions of the tagged neutron beams, a specific test has

been performed. A block of graphite of about 20×20×10 cm3 volume was positioned

along the BaF2 array, at about 10 cm below the detector front faces, and at a dis-

tance of about 100 cm from the T-Ti target. The dimensions of the graphite sample

is compatible with the objects to be inspected in the practical use of the sensor.

A single tagged neutron beam was selected by setting a proper window on a specific

pad in the PPAC pattern spectrum. The energy spectrum, obtained positioning the
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graphite block under the detector γ4 and setting the right pad selection, is shown

in Fig. 3.4. The full energy peak (Eγ = 4.45 MeV) with its first escape peak (Eγ

= 3.94 MeV) of the γ-ray, emitted in the de-excitation of the first excited level

of 12C, populated in (n, n’) reaction, is clearly identified, on top of a structureless

background.

Starting from a central position (0 cm) with the graphite block centered under the

detector γ5, the sample was moved horizontally, along the γ-ray detector direction in

steps of 3 cm. The yield of the Eγ = 4.45 MeV γ-ray was reconstructed as a function

of the position of the graphite sample. The area of the full energy peak and the first

escape peak was normalized to the number of the single α counts. The obtained dis-

tribution for the γ5-α4 detectors is reported in Fig. 3.5. From this distribution two

informations can be extracted: the Full Width at Half Maximum [FWHM] and the

width of the plateau region. The FWHM of the distribution in Fig. 3.5 is supposed

to be determined by the dimension of the graphite block (about 20 cm), which is
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Fig. 3.4: γ-ray energy spectrum, graphite sample under detector γ4.
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Fig. 3.5: Yield for the γ5-α4 pair of correlated detectors as a function of the hori-

zontal displacement of the graphite block. The triangles correspond to the measured

yield distribution, while the line corresponds to the Monte Carlo simulated yield

distribution.

grater than the expected neutron beam section (about 13 cm). When the graphite

block is irradiated by the whole cone of neutrons the yield of the Eγ = 4.45 MeV is

at its maximum value, whereas it decreases when the graphite sample is irradiated

only by part of the cone of neutrons. The obtained FWHM is about 19-20 cm,

which is compatible with the dimension of the graphite block. Moreover, moving

the graphite horizontally, a plateau in the yield distribution is obtained when the

number of carbon atoms interacting with the tagged neutrons is constant. With our

set-up the plateau region is about 8 cm. The horizontal dimension of the beam can

be estimated from the difference between the FWHM and the plateau width, which

results to be of the order of 12 cm. This value is compatible with the one previously

estimated only from geometrical considerations.

The yield distribution for the detectors γ5-α4 was also obtained from the Monte

Carlo predictions, simulating the procedure described above. The simulated distri-
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Fig. 3.6: Vertical scanning with the graphite sample in contact with detector γ5.

The simulated distribution has been shifted by -3 cm, in order to compare the width

of the two distributions.

bution is also reported in Fig. 3.5. The FWHM values for the simulated distributions

resulted to be of the order of 19 cm, in good agreement with the experimental data.

The positions of the centroids for the simulated and measured distributions are <x>

= -2.5±0.1 cm and <x> = -2.7±0.3 cm respectively. The two values are in agree-

ment within the errors, confirming that these two specific detectors are geometrically

well aligned, as already documented in Tab. 3.1.

The graphite sample was then moved vertically maintaining contact with the de-

tector γ5 in order to keep the solid angle constant. The results for the vertical

scanning are reported in Fig. 3.6, where one notices a certain disagreement with the

simulations. The centroids of the two distributions are <z> = 8.9±0.3 cm in the

simulation, to be compared with the experimental value <z> = 6.2±0.5 cm. Such

disagreement seems to indicate that the PPAC detector is mounted at an azimuthal

angle slightly bigger than 450 degrees. This point will be discussed further in the

following sections. More detailed measurements are necessary in order to observe
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the decrease of the yield, but this was not possible because of limitations in the

vertical movement of the γ-ray detector.

3.4 Spatial Resolution

The position of a given object (i.e. a graphite block in our case) placed under one of

the γ-ray detectors can be determined in a very simple way looking at the yield of

a given γ-ray (for example the Eγ = 4.45 MeV transition) in the different γ-ray de-

tectors, without selection of a particular PPAC pad. In this case the measured yield

for a given detector is determined simply by solid angle considerations. A typical

distribution of the yield as a function of the different γ-ray counters is reported in

Fig. 3.7. The position of the object is then reconstructed by a fit to the distribution.

The result shown in Fig. 3.7 demonstrates the possibility of determining the position

of the γ-ray source with uncertainty of about 1 cm. This uncertainty is obviously

determined by the statistical significance of the hit distribution function. In the

case reported in Fig. 3.7 it corresponds to the irradiation of the graphite sample for

about 1000 seconds with the neutron yield of about 106 neutron/s.

3.5 Analysis of TAC Spectra

3.5.1 Time Resolution

An important point in the characterization of the sensor is the determination of

its timing properties. Such characteristic depends upon the resolution along the

neutron flight path direction and thus is necessary to define the inspected voxel.

All time spectra presented in this work have been calibrated adding known delays

to the stop line of the TAC (see Fig. 2.17). The time calibration obtained is ∆t =

∆c×0.125 ns/channel, where ∆c is the number of channels considered.

The time resolution of the sensor has been studied positioning the graphite sample

under detector γ5 and selecting only events at Eγ = 4.45 MeV, that produce the
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Fig. 3.7: Yield of the Eγ = 4.45 MeV transition in the different γ-ray detectors,

without selection of a particular PPAC pad.

time of flight spectrum relative to the pair α4-γ5. As can be seen in Fig. 3.8, the

overall time resolution relative to the pair α4-γ5, obtained for such events, is δt =

3.3±0.1 ns [FWHM]. Such overall resolution has to be corrected for a number of

possible effects as the jitter in the time of flight of the α particles and the spread

due to the different neutron flight paths within the volume of the graphite block.

The energy of the α-particles, emitted in the T(d, n)α reaction and emerging from

the titanium target, varies from Eα = 2.9 MeV to Eα = 4 MeV, depending on the

deuteron energy and on the crossed target thickness, consequently their velocity is

about vα ' 1.18-1.39 cm/ns, respectively. The energy of the neutrons is about En

= 13.7-14.5 MeV, depending on the deuteron energy, so their velocity can change

from vn ' 5.1 cm/ns to vn ' 5.3 cm/ns.

If we consider only the central PPAC pad, the energy of the α-particles varies from

Eα = 3.30 to Eα = 3.65 MeV and the energy of the correlated neutrons varies from

En = 14.08 to En = 14.20 MeV. The target-PPAC distance (about 7.5 cm for the

central pads) is covered by the α particles in a flight time of about 5.9-5.7 ns (∆t
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Fig. 3.8: Time distribution of the coincidence between detector α4 and the detector

γ5.

∼ 0.2 ns), while the target-sample distance (about 100 cm) is covered by neutrons

in about 19.1 ns. On average, the neutrons can cover 14 cm in the graphite block

along the diagonal. This distance corresponds to a time interval in which the γ-rays,

induced by the inelastic scattering, can be emitted. The estimate of the Monte Carlo

simulated time spectra, shown in Fig. 3.9, results to be δt = 2.4±0.1 ns [FWHM].

It has to be noticed that the width of the Monte Carlo distribution is due only

to geometrical effects and that the time resolution thus corrected is δt ' 2.3 ns

[FWHM], which implies a position resolution along the neutron flight path of about

12 cm.

Other possible contributions to the overall time resolution, shown in Tab. 3.2, are

the intrinsic time jitter of the BaF2 detectors (δt ' 0.8 ns), of the α detector (δt '

1 ns) and the time spread of the α-particles entering in the PPAC detector, which

can be estimated, as reported above, of the order of 0.2 ns. The quadratic sum of

all these contributions doesn’t fully reproduce the measured time resolution (2.7 ns
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Fig. 3.9: Simulated time distribution of the γ-rays entering into the detector γ5.

δtoverall (ns) δtgeom (ns) δtBaF2 (ns) δt∆tα
(ns) δtPPAC (ns)

[FWHM] [FWHM] [FWHM] [FWHM] [FWHM]

3.3 ns 2.4 0.8 0.2 1

Tab. 3.2: Contributions to the overall time resolution.

to be compared with 3.3 ns). This is probably due to the sizable electronic noise

characteristic of the CN accelerator counting room, while the time resolution values

quoted above were measured in laboratory conditions.

3.5.2 α Detector - γ-Ray Detector Coincidence Peak Analysis

A detailed analysis of the coincidence peak between the α particle detectors and

the γ-ray detectors might help in obtaining the best signal-to-noise ratio from the

irradiated sample. This fact can be understood in terms of different flight paths,
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Fig. 3.10: TAC spectrum for a particular combination of detectors (γ5-α4).

and consequently flight times, of the neutrons impinging on the sample and in its

vicinity. To demonstrate this fact, the TAC spectrum, shown in Fig. 3.10, relative

to the coincidences for a particular combination of detectors (γ5-α4), has been sliced

into three areas, corresponding to different flight times of the neutrons. This should

correspond to a selection of different regions, irradiated by the neutron beam on and

around the graphite sample. In this run the graphite block was placed on a box of

soil, with dimensions 100×100×60 cm3, under the counter γ5.

In principle, applying the three time windows shown in the Fig. 3.10, it should be

possible to select positions relative to the top of the sample, to its center and to the

soil underneath the sample, respectively. The results of such selection are shown in

Fig. 3.11, where the energy spectra of detector γ5 are shown when the time gates

described above are applied.

In this figure the spectra, acquired with (sample spectrum) and without (background

spectrum) the graphite sample, have been reported. The difference spectrum was

then obtained subtracting the background spectrum from the sample one. The sam-
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Fig. 3.11: γ-ray energy spectra for different TAC gates acquired with (sample

spectrum-red line) and without (background spectrum-green line) the graphite sam-

ple. The difference spectrum (blue line) was obtained subtracting the background

spectrum from the sample one.
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ple spectrum on top shows a rather badly defined signature around Eγ = 4.45 MeV

related to the carbon decay. Most of the background in this spectrum is probably

related to neutrons hitting directly the γ-ray detector (shortest flight-path). This

consideration will be extensively developed in Par. 3.6. The second panel shows a

very clean signature of the carbon decay, indicating that the neutron paths hitting

the center of the graphite sample have been selected. Finally the bottom panel

shows essentially no signature of the carbon decay. Moreover, in both irradiations

(with and without graphite sample) is visible the Eγ = 6.13 MeV peak related to the

decay of oxygen nuclei from the moisture of the soil, thus indicating that this time

window is correlated with neutrons hitting mainly the soil underneath the sample.

In order to reduce, as much as possible, the background induced by the neutrons

which are not hitting the sample, a more detailed analysis of the coincidence peak

is needed, to define a precise time gate for each γ-ray detector. To this purpose, a

specific run was performed, in which a number of graphite blocks were placed under

the BaF2 array, to form a long graphite slab, with dimensions 100×10×5 cm3, lay-

ing on the box of soil. The time spectrum relative to each BaF2 detector was sliced

into small time intervals (∆t ' 0.6 ns). In the energy spectrum, acquired selecting

different time windows, two regions were identified: the region from Eγ = 3.4 MeV

to Eγ = 5 MeV, characterized by the peaks of the carbon γ-rays (full energy and

first escape), and the region from Eγ = 1.4 MeV to Eγ = 2.48 MeV, where no sig-

natures related to carbon are present. The ratio of the yields in these two regions,

as a function of different time windows for detector γ3, has been reported in the

histogram shown in Fig. 3.12 (top panel).

The same procedure was followed for a run of background (soil without graphite

blocks). In this case we were interested in selecting the γ-rays emitted in the de-

cay of oxygen, in order to extract informations about the interaction time of the

neutrons with the soil elements. Consequently different energy regions have been

selected. We chose a region from Eγ = 5.4 MeV to Eγ = 7.1 MeV, characterized by

the peaks of oxygen (Eγ = 6.13 MeV and Eγ = 6.91 MeV), and the region from Eγ
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function of different time windows. For details see the text.
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= 1.4 MeV to Eγ = 3.0 MeV, as a reference region. The obtained ratios are reported

in Fig. 3.12.

Each distribution has been fitted with a gaussian, obtaining the value of the cen-

troids, which are reported in Tab. 3.3. The difference between the peak of the

graphite histogram (Xgraph
0 ) and the peak of the soil histogram (Xsoil

0 ) is of the order

of 2-3 ns, which corresponds to the flight path difference of 10-16 cm from the cen-

ter of the graphite blocks to the soil. This result confirms that, by selecting proper

windows on the time spectrum, it is possible to select with precision the voxel under

investigation.

A 2.5-3 ns time window, centered on the centroid of the graphite histogram, is re-

quired to select the irradiated sample and to reduce the background contribution

from the soil in the γ-ray spectra.

BaF2 Xgraph
0 (ch) Xsoil

0 (ch) ∆t (ns)

1 688 705 2.1

2 687 706 2.4

3 682 705 2.9

4 672 689 2.1

5 692 716 3.0

6 672 690 2.2

7 701 719 2.2

8 695 718 2.9

Tab. 3.3: Values of the centroids (Xgraph
0 , Xsoil

0 ) obtained for the graphite and soil

distributions and difference in time (∆t) between the two centroid values for each

BaF2 detector.
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3.5.3 Advantages of the Associated Particle Technique

As demonstrated in the previous sections, by setting a proper window on the coin-

cidence peak and on a specific pad in the PPAC pattern spectrum, it is possible to

define the volume unit under investigation, thus improving the signal-to-background

ratio.

In order to obtain a quantitative estimate of such improvement, we report in Fig. 3.13

(a) the spectrum obtained from the detector γ4, positioned above the graphite sam-

ple, with the ”loosest conditions” allowed by our electronic setup, i.e. with a wide

coincidence requirement on any of the α counter (400 ns wide gate), thus defining

a neutron ”strip” about 1 meter long, about 10 cm wide and with essentially no

requirement on the third dimension. The same spectrum acquired in coincidence

with the correlated α-counter and setting a proper window on the time of flight

spectrum is shown in Fig. 3.13(b). The integration of the Eγ = 4.45 MeV using an

exponentially extrapolated background yields an improvement in the signal to back-

ground ratio of about a factor 4 at this energy, when results from the two spectra

are compared. This gives a quantitative estimate of the advantages of the present

techniques, based on a detailed selection of the voxel under investigation.

3.6 Study of γ-Ray Background

In order to study the origin of the γ-ray background, registered in the BaF2 detec-

tors, the data relative to three different measurements have been analyzed: a run

with the graphite block placed in contact with the detector γ5, a second one with-

out the graphite sample under the detector γ5 and another background run with

the detector γ5 lowered by 10 cm with respect to its standard position. In the latter

case, the BaF2 detector is directly irradiated by the tagged neutron beam. The

three coincidence spectra, normalized to the integral of α-particle hits in the PPAC

in single mode, are shown in Fig. 3.14. Lowering the detector, a delay of 1.2 ns in

the neutron time of flight is evidenced. This time difference corresponds to a space
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Fig. 3.14: TAC spectra for the three geometries. For details see the text.

difference of 6 cm, that has to be compared with the increase in the average flight

path of 6.3 cm as resulted from geometrical calculations. As expected, the yield of

coincidences between α detectors and γ-ray detectors increases considerably when

the BaF2 detector is irradiated directly by neutrons.

The energy spectra relative to the three different geometries are shown in Fig. 3.15,

it can be noticed that the two background spectra, acquired without the graphite

sample, exhibit the same shape, characterized by a smooth distribution of the events,

decreasing with the measured energy. This can be seen very clearly in Fig. 3.16,

where the two background spectra have been normalized to each other. This obser-

vation suggests that the BaF2 detector is hit by some halo of the tagged neutron

beam, when it is placed in its standard position, in agreement with the fact that

the effective azimuthal angle of the α particle detector is slightly larger than 450, as

reported in Par. 3.3.

Considering the counts in the two background spectra, the dimensions of the BaF2

detector and of the tagged neutron beam, it is possible to estimate the fraction of

tagged neutrons hitting the detector in its standard position. As the section of the
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γ-ray detector is about 110 cm2 and the one of the neutron beam is about 170 cm2,

the fraction of tagged neutrons hitting the detector, when it is lowered, is 0.6. The

ratio of the counts in the two background spectra is about 0.27. Consequently the

fraction of tagged neutron, hitting the detector in its standard position, is about

17%, suggesting that the geometry of the sensor needs to be corrected to minimize

such halo effect.

3.7 BaF2 Energy Calibration

The energy calibration of the eight BaF2 detectors was performed using two standard

sources: 22Na (Eγ = 511 keV and Eγ = 1274 keV γ-rays), 60Co (Eγ = 1173 keV

and Eγ = 1332 keV γ-rays) and the Eγ = 4.45 MeV γ-ray produced in the inelastic

scattering reaction on carbon 12C(n, n’γ)12C, with the graphite sample positioned

under each BaF2 detector. For the calibration of the detectors γ3, γ4 and γ5 the γ-

rays at Eγ = 2.23 MeV, Eγ = 3.85 MeV and Eγ = 6.13 MeV, produced in the inelastic

neutron scattering reaction with 31P and 16O nuclei, were also used, irradiating a

sample of H3PO4. The energy of the γ-rays, used for the calibration of the BaF2

detectors, are listed in Tab. 3.4.

Seven of the eight BaF2 counters were calibrated using a first degree polynomial fit,

while for detector γ5 a second degree polynomial fit was necessary. Details of the

calibrations are reported in Tab. 3.5.

3.8 Off-Line Background Subtraction

A number of different samples were irradiated for a period of about 1000 seconds

to demonstrate the capability of the system to identify various elements relevant

to different possible applications. In Fig. 3.17 the spectra are shown relative to

irradiations of the following samples:

- a sample of graphite with dimensions 20×20×10 cm3 and weight about 7 kg;

- a sample of an explosive simulant (C3H6N6, melamine) with dimensions 13×13×17
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Energy (MeV) source

1.173 60Co

1.274 22Na

1.332 60Co

2.23 P(n, n’γ)P full energy

3.85 O(n, n’γ)O full energy

3.94 C(n, n’γ)C first escape

4.45 C(n, n’γ)C full energy

5.97 O(n, n’γ)O first escape

6.13 O(n, n’γ)O full energy

Tab. 3.4: Energy of γ-rays used for the calibration of the BaF2 detectors.

Detector Polynomial Fit Parameters

Number a0 (MeV) a1 (MeV/ch) a2 (MeV/ch2)

1 -0.469 0.0159

2 -0.449 0.0150

3 -0.395 0.0145

4 -0.343 0.0131

5 0.1926 0.0075 0.00002

6 -0.347 0.0132

7 -0.320 0.0138

8 -0.263 0.0127

Tab. 3.5: Polynomial fit parameters for BaF2 counter calibration.

93



cm3 and weight about 2 kg;

- a bottle (2.5l) of H3PO4 (85%) with dimensions 11.5×11.5×20.5 cm3 and weight

about 4 kg.

In each case, a background spectrum, acquired after removing the sample, has been

subtracted to the sample spectrum, normalizing to the number of single α counts.

In the subtracted spectra the signature γ-rays for a number of elements can be

clearly identified, in particular the γ-ray groups from 12C (Eγ = 4.45 MeV), 14N (Eγ

= 2.30, 5.10 MeV), 16O (Eγ = 3.85, 6.13, 6.91 MeV) and 31P (Eγ = 2.23 MeV). We

notice that the presence of the oxygen peak in the melamine spectrum is probably

due to the humidity of the sample.

It is interesting to verify the sensitivity of the system in the identification of a

particular compound, defining the fingerprint of the compound itself. As shown in

Fig. 3.17, the explosive simulant (melamine) can be characterized by the presence

in the γ-ray spectrum of the Eγ = 4.45 MeV line of carbon and the Eγ = 2.30 MeV

line of nitrogen. A very preliminary and simple way of analyzing the spectrum is

to define the product Pcn = Ic·In as the signature of the melamine sample, where

Ic and In are the integrals of the Eγ = 4.45 MeV and the Eγ = 2.30 MeV peaks

respectively, without background subtraction. The variation of Pcn as a function of

γ-ray detector, for the irradiation of the melamine sample positioned under detector

γ4 on the soil box, is plotted in Fig. 3.18. As in the case of Fig. 3.13, the two data

sets have been obtained without using strict conditions on the associated particle

and with the request of such conditions. The values of Pcn have been arbitrarily

normalized to unity for detector γ2, assuming that in this position the contribution

to Pcn is mainly due to the soil. In the first case (i.e. without strict conditions)

the system is unable to detect the fingerprint of the melamine sample across the

strip of soil analyzed by the BaF2 counters, while with the use of the correct gating

conditions the presence of melamine is clearly identified in the correct location even

with such a rough analysis.
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Fig. 3.17: Energy spectra from the irradiation of different samples.
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the melamine sample positioned under detector γ4 on the soil box. The two data

sets have been obtained without using gating conditions on the associated particle

(triangles) and with the request of such conditions (squares).

3.9 On-Line Background Subtraction

A considerable advantage in the use of a wide angle system, based on the associ-

ated particle technique, consists in the possibility to identify a sample placed on

an unknown position on the soil surface without acquiring a background (i.e. a

sample-out) spectrum. The idea is to use as background for each detector the sig-

nals coming from the other detectors in the same run, instead of subtracting the

background spectrum taken with the same detector in a different irradiation without

the sample.

This possibility is clearly very interesting in using the present sensor in demining

operations.

In order to study this possibility, a graphite sample was located below three different

γ-ray detectors (γ2, γ5 and γ8) and a correspondent irradiation of the soil box with-

out the sample was used for the determination and subtraction of the background.

The γ-ray spectra taken in the three irradiations were integrated in the energy range
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between Eγ = 3 and Eγ = 5 MeV to include mainly the Eγ = 4.45 MeV carbon peak

and its first escape. Background subtracted integrals for all combinations of every

γ-ray counter in coincidence with every PPAC pad are plotted in Fig. 3.19. A good

definition of the sample position is obtained in the three analyzed irradiations, with

a complete suppression of the carbon signal outside the region of interest.

This results confirm the possibility to use as background for a given detector a spec-

trum obtained as the average of all the spectra acquired by the other detectors,

Fig. 3.19: Background subtracted integrals for all combinations of BaF2 counter in

coincidence with PPAC pad.
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Fig. 3.20: Background spectra for detectors γ5 and γ6.

except the ones close to the given detector, which can also see the sample. However,

such a procedure can be applied only if all γ-ray detectors have the same response

function. To this end, the shape of the γ-ray spectra was studied in a background

run in which the soil was irradiated.

It is found that the shapes of some background spectra are different for some detec-

tors, as seen in Fig. 3.20. Consequently, a normalization response function for each

detector has been constructed in the following way:

- a ”mean background” spectrum has been obtained adding only the spectra which

exhibit a similar shape (γn = γ1, γ2, γ3, γ4, γ6) taken in the background irradiation;

- for each detector the γ-ray spectrum has been sliced in 200 keV bins;

- the area of each bin (Aj) has been compared with the area of the corresponding bin

in the mean background spectrum (Amj), obtaining a factor fjk = <Amj>/<Ajk>

for each bin j and for each γ-ray detector k. This factor is then used as weighting

factor in the on-line background subtraction, to normalize the γ-ray spectrum of

each γk detector. As an example, the distribution of the normalization factor as a

function of the bin j for the detector γ5 are shown in Fig. 3.21.
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Fig. 3.21: Distribution of the normalization factor fjk for the detector γ5 as a

function of the γ-ray energy.

For each detector a ”normalized” spectrum (”signal spectrum”) has been created

and a ”normalized” average of the spectra (”background spectrum”) acquired by all

the other detectors, except the adjacent ones, has been subtracted.

The result of such procedure yields directly 8 subtracted spectra without need of

a separate background irradiation. The result of the described procedure is shown

for the sample of H3PO4 in Fig. 3.22, where the characteristic γ-rays can be clearly

seen on the γ4 spectrum. The same signatures are present also in the spectra of γ5

and to some extent of γ3. Once again, it is important to stress that these spectra

can be used to determine the centroid of the sample position.

In Fig. 3.23 the spectrum relative to the irradiation of a H3PO4 sample with back-

ground subtracted from a separate run (top panel) is compared with the spectrum

obtained with the average background subtracted on-line (bottom panel) as de-

scribed above. The subtraction of background on-line appears to be essentially

equivalent to the subtraction of background from a separate dedicated run demon-

strating the great advantage in the data treatment given by a wide angular seg-

99



mented device.

The on-line background subtracted spectra for the sample of melamine and the

sample of graphite are reported in Fig. 3.24 and in Fig. 3.26 respectively. The

spectra relative to the irradiation of a melamine sample and of a graphite sample

with background subtracted from a separate run (top panel) are compared with the

spectra obtained with the average background subtracted on-line in Fig. 3.25 and in

Fig. 3.27 respectively. Also in these two cases the on-line subtracted spectra shown

the same features of the spectra obtained with the subtraction of the background

from a separate dedicated run.

It is concluded that the on-line background subtraction can be applied reliably in

searching for hidden objects.

3.10 Portable Open-End Accelerator

The possibility of using a portable open-end accelerator was investigated by our

group, in order to realize an inspection system that could be mounted on a portable

platform. A contract was signed in 1999 with the ASPECT company in Dubna

(Russian Federation), to develop a portable open-end neutron generator with the

possibility of using a tagging system for APT, as the one developed within the

EXPLODET project. The ASPECT prototype, shown in Fig. 3.28, was designed

to accelerate deuteron beams up to the energy of 110 keV. The T-Ti target activity

was about 1.5 Ci and the neutron flux was limited in the project to 107 neutron/s.

The vacuum inside the chamber was maintained at 10−6 mb by an external pumping

unit. The prototype was equipped with standard CF 100 flanges for the mounting
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Fig. 3.22: On-line background subtraction for a sample of H3PO4.
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Fig. 3.23: On-line (top panel) and off-line (bottom panel) background subtraction

for a sample of H3PO4.
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Fig. 3.24: On-line background subtraction for a sample of melamine.
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Fig. 3.25: On-line (top panel) and off-line (bottom panel) background subtraction

for a sample of melamine.
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Fig. 3.26: On-line background subtraction for a sample of graphite.
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Fig. 3.27: On-line (top panel) and off-line (bottom panel) background subtraction

for a sample of graphite.
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Fig. 3.28: Picture of the portable open-end neutron generator developed by ASPECT,

Dubna (Russian Federation).

of the AP detector.

Unfortunately, the ASPECT prototype did not pass the test phase and at the end

of 2001 the contract was canceled.

As a back-up solution, the possibility of using a sealed tube neutron generator with

built-in α particle detector was taken into account by our group and a new contract

was signed between the Physics Department of the Padova University and EADS-

SODERN (France). The description of the new generator and its requirements are

presented in Chapter 4. For this system a new α particle detector was designed and

tested.
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Chapter 4

Development of the Portable EXPLODET

System: a Tagged Sealed Neutron Generator

4.1 Introduction

In order to realize a prototype of mobile scanning system, EADS-SODERN, a French

company with a long experience in the field of portable neutron generators, is devel-

oping a portable 14 MeV sealed neutron generator with built-in α particle detector

in collaboration with INFN and the Physics Department of the Padova University.

The generator is based on the TN36 sealed neutron tube design [35], which has

been modified to be fitted with the α particle detector supplied by the Physics

Department of the Padova University.

4.2 Description of the Associated Particle Portable System

The generator is composed of two different parts:

- the first one, developed by EADS-SODERN, consists of an ion source, an

accelerating gap, a target and a gas reservoir/getter device;
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- the second one has been studied and developed by our group and consists of

an α particle detector, a photomultiplier tube (PMT) and a vacuum flange

with sapphire optical window.

These two parts are mechanically associated.

The EADS-SODERN part of the generator, presented in Fig. 4.1, has a 109 mm

diameter, the angle between the tube axis and the detector flange being 900. The

total weight of this part of the tube is less than 5 kg and its volume is less than 1

l.

The ion source is a gas discharge cold cathode ion source (Penning type). A mag-

netic field, supplied by an internal permanent magnet, is used to ionize the beam

particles. The gas pressure in the source is regulated by heating or cooling the gas

reservoir element.

In general, this kind of source may be used either in continuous mode or in pulsed

mode.

The accelerating gap is located between the extracting electrode of the ion source

and the accelerating electrode. The ion beam is guided in the target area by a

suitable aperture in the electrodes.

The target substrate is placed behind the accelerating electrode. The target is a

film of 4.5 µm thick titanium, loaded with tritium [35]. It is positioned at 450 with

respect to the tube axis.

The ion source is filled with a mixed gas of deuterium and tritium (50%-50%). This

allows the generator to have a stable neutron yield over its operational life [8].

As discussed in Par. 1.2, because of the presence of tritium (about 1GBq) inside the

generator, the portable system has to be sealed to prevent environmental contami-

nation. In this condition, the vacuum is guaranteed by some getter units. All the

internal components have to be clean with a minimum outgasing. Therefore, during

the final assembly procedure, a long phase of bakeout at ∼400 0C is applied. The

tritium gas absorption procedure on the target is done with the generator completely

assembled, without any pumping phase.
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Fig. 4.1: Picture of the neutron generator under assembly at EADS-SODERN.
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Consequently, all the components in the generator have to satisfy some stringent

requirements:

- all materials must be compatible with the high vacuum in the generator (10−8

Torr) and the rate of degassing has to be less than 10−11 Torr/(l·s);

- materials releasing dust or with high vapor pressure or hydrogenable materials

have to be avoided;

- all materials have to withstand bakeout temperatures up to 400 0C at a pres-

sure of 10−8 Torr.

The SODERN generators are operated at 10−6 Torr and at the maximum temper-

ature of 80 0C. The above requirements have to be carefully taken into account in

the choice of the α particle detector.

Moreover, when the neutron generator produces 107 neutron/s, the detector surface

(supposed to be at 5 cm distance) will be bombarded by different type of radiations:

- 2.6×104 α particles/(s cm2) having energy of 3.6 MeV;

- 2.6×104 14 MeV neutrons/(s cm2);

- deuterons and tritons, with energy lower than 120 keV, elastically scattered

by the target;

- β rays from tritium decay (having energy lower than 18 keV) and secondary

electrons (100 nA, with energy lower than 120 keV);

- γ-rays, X rays and UV and visible radiation emitted from the target source

when bombarded.

Therefore, as discussed in Paragraph 2.2.1, the α detector should be protected by

an absorber in order to stop scattered beam particles and minimize other type of

background radiation.
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As α particle detector, a crystal of YAP:Ce (YAlO3 Cerium loaded, Yttrium Alu-

minum Perovskite) was selected. This crystal is a new kind of scintillator material

featuring a very fast response (the decay constant is 25 ns) and a high integrated

light output (40% of NaI(Tl)).

The scintillators tested by our group are manufactured by Crytur Ltd., Turnov,

Czech Republic, the PMT series R1450, manufactured by Hamamatsu Inc., was

chosen for the final assembly.

The detector has been mechanically coupled inside a standard CF63 flange made of

316L stainless steel. The flange has been equipped with a 3 mm thick, 48 mm diam-

eter UV extended sapphire window, copper brazed onto a ring of stainless steel and

then TIG welded to the CF63 flange. The optical flange was prepared by VLT s.r.l.,

Frascati, Italy. The sapphire window has been chosen for robustness and ease in

the brazing process, its light transmission in the relevant wavelength region (around

370 nm) is about 80-85% and the refraction index (around 370 nm) is about 1.79 at

240C. The light transmission as a function of the wavelength for the UV extended

sapphire window is shown in Fig. 4.2, where is also compared with a regular-grade

window.

4.3 YAP:Ce Detector

The properties of the selected detector and the performances obtained in labora-

tory tests with YAP:Ce crystals coupled with different PMTs and with/without a

sapphire window are reported in this paragraph.

4.3.1 YAP:Ce Properties

The YAP:Ce crystal, Yttrium Aluminum Perovskite activated by Cerium (YAlO3:Ce)

has been investigated by several groups in view of its use in many applications in

the field of research, medicine and industry.

YAP:Ce exhibits fast scintillation, high light yield and very good mechanical and
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Fig. 4.2: Optical transmission of Sapphire windows.

chemical properties [36]. It is a monocrystal with the structure of Perovskite. Me-

chanical properties of YAP:Ce are rugged and similar to those of garnet. It has

high hardness, it is mechanically and chemically stable, non-hygroscopic and is not

soluble in organic acids and resistant to alkali. This crystal can be used in hostile

environments under high temperature or high pressure conditions.

The basic physical and chemical properties of YAP:Ce are presented in Tab. 4.1,

compared with those of other scintillators. YAP:Ce has a main UV emission band

peaking at λM = 370 nm and minor emission bands (much less intense) in the blue

and green ranges. Therefore it is well coupled with the sensitivity of typical photo-

multipliers.

YAP:Ce, under UV excitation, exhibits a very short light emission with lifetimes

between 13 and l7 ns. The emission and excitation spectra are due to Ce3+ 4f ⇒

5d transitions. The various emission bands are caused by the presence of different

Ce3+ non-equivalent centers. The major Ce3+ centers emitting in the UV at λ =

370 nm arise if Ce3+ ions replace Y3+ in the lattice. The minor centers emitting in

the blue or green ranges are other non-equivalent Ce3+ centers, and their origin is
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Tab. 4.1: Properties of some scintillation materials (from [36]).

due to perturbations around the major Ce3+ sites.

The calculated attenuation coefficients for γ-rays and X-rays in YAP:Ce are shown

in Fig. 4.3. The Kα edge of yttrium lies at 17 keV and a second group of edges of

yttrium L series lies at 2 keV, whereas the aluminum Kα, edge lies at 1.56 keV. This

curve has values similar to the ones for germanium. As in germanium, the mean

energy of characteristic X-ray of YAP:Ce is quite low (about 15 keV). It means that

the energy deposition due to the photoelectric effect is very close to the primary

interaction point due to the short attenuation length (about 200 µm) of 15 keV X

rays [36]. This is in contrast with other scintillating crystals, e.g. BGO and NaI(Tl),

for which the average attenuation length of characteristic X-ray results about 800

and 500 µm respectively due to the higher X-ray energy.

This property of YAP:Ce is very important for imaging application in nuclear

medicine, when the energy spread following a photoelectric absorption can affect

the spatial resolution.
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Fig. 4.3: Calculated linear attenuation coefficients for YAP:Ce [36].
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Fig. 4.4: Energy calibration curves for NaI(Tl) and YAP:Ce, from Ref.[36].

The measurements of light yield of YAP:Ce as compared with NaI(Tl) has been

reported in a work of Baccaro et al. [36]. The studied crystals had 25 mm diameter

and 1 mm thickness. Each crystal was covered by an aluminum housing, 2 mm of

glass window and 0.1 mm aluminum entrance window. The crystals were coupled to

a photomultiplier tube EMI 9765 B with standard bialkali photocathode and were

irradiated using several radioactive sources producing different γ-ray energies at a

source-detector distance of 10 cm.

The energy calibration curves obtained for both crystals are shown in Fig. 4.4. These

curves allow to estimate the light yield relative to the Sodium Iodide: YAP:Ce /

NaI(Tl)∼ 0.38. Some more recent crystals are characterized by a higher light out-

put, reaching 50% of the NaI(Tl) light output due to an improvement in the crystal

quality [37].

The time distributions of the light emitted from YAP:Ce crystals are shown in

Fig. 4.5 for γ-rays and α particles [37]. A very intense fast component with a decay

time constant of 26.7±0.12 ns and an intensity of 89±2 %, followed by a slow compo-

nent with the decay time constant of 140±10 ns were measured for γ-ray excitation.

The light emission due to α particles shows the fast component of 24.8±0.12 ns with

the intensity of 85±2 % and the slow component with the decay time constant of
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Fig. 4.5: Time distribution of the light pulses from the YAP:Ce crystal bombarded

with γ-rays and α particles [37].
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100±5 ns.

Some energy spectra measured with YAP:Ce crystals are shown in Fig. 4.6. The

energy resolution value is 16.1% and 5.7% at Eγ = 59.6 and 661.7 keV respectively.

In Fig. 4.7 the energy resolution of the YAP:Ce crystal is reported as a function of

the γ-ray energy, together with the contribution coming from photoelectron statis-

tics, Rphe. This contribution is calculated according to the equation Rphe = 2.35

N−1/2(1+ε)1/2, where N is the number of photoelectrons and ε is the variance of

the electron multiplier gain. The bottom curve represents the intrinsic resolution of

the scintillator itself, obtained by subtracting from the measured energy resolution

the photoelectron statistics contribution. The intrinsic resolution of the scintillator

calculated for Eγ = 662 keV (the 137Cs energy) is 3.4% [37].

The energy spectrum of Eα = 5.49 MeV α particles from an 241Am source is shown

in Fig. 4.8. The energy spectrum of Eγ = 662 keV γ-rays from a 137Cs source has

been superimposed on the α spectrum to determine the α/γ light yield ratio. The

α/γ ratio results to be 0.3 considering the peak positions corresponding to Eα =

5.49 MeV energy for α particles and Eγ = 662 keV for γ-ray peak. This α/γ ratio

indicates the possibility of using YAP:Ce in spectroscopy of light charged particles

and heavy ions, as in the case of other scintillation materials.

The time resolution of a 10×10×5 mm3 YAP:Ce crystal coupled to a XP2020Q

PMT was measured in Ref.[37] by using the Eγ = 511 keV γ-rays emitted from a

22Na source. A high threshold was set to select only the full-energy peak. The time

resolution obtained in this condition is δt ∼ 250 ps [FWHM].

The temperature dependence of light yield has been measured by Baccaro et al.

[36]. A YAP:Ce disk, (25 mm diameter by 1 mm thick) equipped with resistive

heating layers, was placed in special thermostated equipment, as shown in Fig. 4.8,

and connected to a photomultiplier tube TESLA 679 K 511. A temperature shield

was placed between the crystal and the photomultiplier. The crystal was irradiated

by 63Ni, a β source (Emax = 67 keV) and the maximum energy was obtained by a

linear extrapolation (see Fig. 4.9). This measurement is reported for different tem-
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Fig. 4.6: Energy spectra measured from different sources of 137Cs, 22Na and 241Am

from Ref.[37].
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Fig. 4.7: Energy resolution of the YAP:Ce crystal is plotted versus energy of γ-rays

from Ref.[37].

peratures. With increasing temperature from 25 0C up to 220 0C, the emitted light

decreases only by 13%, as shown in Fig. 4.10. The small temperature dependence

shown by YAP:Ce is a very interesting characteristic, when compared to other crys-

tals such as Nal(TI), BGO and CsI, for which the light output decreases even by a

factor 2 going from room temperature to 2000C. Consequently, YAP:Ce can be used

for application in environment with large temperature gradients.

In order to study the radiation induced damage, some YAP:Ce crystals having 1

cm3 volume were irradiated at the 60Co source CALLIOPE at the laboratory of

ENEA-Casaccia (Rome) at room temperature [36]. In the case of low dose (10 Gy),

no difference in the transmission curve before and after irradiation can be observed,

as it is shown in Fig. 4.11. In the case of high dose (in the range of 3.5 to 100 kGy),

as shown in Fig. 4.12, the transmission curve of the crystal after irradiation shows

a shift of roughly 100 nm. The authors suggest that this effect, also observed by

Britvich et al. [38], is probably due to the presence of a strong absorption band in
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Fig. 4.8: Energy spectrum of Eα = 5.49 MeV α particles from an 241Am source from

Ref.[37].

Fig. 4.9: Energy spectrum of 63Ni and determination of Eβmax from Ref.[36].
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Fig. 4.10: Light yield of YAP:Ce vs temperature from Ref.[36].

Fig. 4.11: Transmission curve of YAP:Ce before irradiation and after irradiation at

10 Gy (from Ref.[36]).
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Fig. 4.12: Transmission curve of YAP:Ce before irradiation and after irradiation

at: 3.5, 10, 18, 100 kGy [36]).

the wavelength region of the emission of scintillation light. This abrupt change of

the band edge seems to have a threshold with the absorbed dose.

4.3.2 Laboratory Tests of the YAP:Ce Detector

Preliminary tests, aimed at characterizing the YAP:Ce crystal, were performed using

small size crystals manufactured by Crytur Ltd in form of a disk of 1 mm thickness

and 10 mm diameter. In the first tests, YAP:Ce crystals were coupled directly to a

PMT window (R6233, Hamamatsu).

The measurements have been performed using an 241Am source, which emits 5.49

MeV (85%) and 5.44 MeV (12.8%) α particles and 59.6 keV γ-rays.

The measurements were very simple: the PMT was operated between 650 and 1000

V and its output was sent to a Silena Spectroscopy Amplifier with the shortest

available shaping time (0.5 µs). The unipolar signal from the shaping amplifier was
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-HV r.t. Vα Rα (%) R60keV (%)

(V) (ns) (mV) [FWHM] [FWHM]

650 20 17 8.4 32.3

700 20 26 8.3 32.8

750 18 44 8.1 32.3

800 16 64 8.3 32.8

850 15 88 8.3 32.8

880 15 118 8.1 32.8

900 15 134 8.0 32.8

950 13 186 8.0 32.8

1000 12 248 8.0 32.8

Tab. 4.2: Energy resolution for α particles (Rα) and γ-rays (R60keV ) from the 241Am

source. Rise time (r.t.) and amplitude (Vα) of the α particle signal are also reported

as a function of the applied voltage.

sent to the ADC of a Silena MCA (Multi Channel Analyzer). The measured energy

resolution for α particles and γ-rays and the rise time of the signal for different val-

ues of the applied voltage are reported in Tab. 4.2. The rise time at the maximum

applied voltage is 12 ns, being the energy resolution for 5.49 MeV α particles about

8% [FWHM].

The linearity of the response of the crystal has been checked using radioactive sources

producing γ-ray with different energies, whose spectra are reported in Fig. 4.13. The

energy resolution as a function of the γ-ray energy is reported in Tab. 4.3 and the

energy calibration curve is shown in Fig. 4.14.

The energy resolution values range between 39% and 8.6% at Eγ = 14.4 and 511

keV, respectively, and the detector exhibits a linear response with γ-ray energy.

In the second test a quartz window was introduced between the detector and the

PMT in order to reproduce as much as possible the real conditions inside the neu-
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Fig. 4.13: Energy spectra for 133Ba, 57Co and 22Na sources.
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Source Energy Centroid R (%)

(keV) (ch) [FWHM]

57Co 14 40 39.1

133Ba 31 88 32.2

241Am 60 166 22.5

133Ba 81 226 19.4

57Co 122 345 17.0

22Na 511 1443 8.6

22Na 1274 3598 4.5

Tab. 4.3: Energy resolution as a function of γ-ray energy.
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Fig. 4.14: Energy calibration curve.
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Fig. 4.15: Energy distribution of the Eα = 5.49 MeV α particle from a 241Am source

with and without the quartz window between the detector and the PMT.

tron generator. The insertion of this window reduces the light signal by a factor 0.7,

as documented in Fig. 4.15.

The energy responses to the 5.49 MeV α particle and to 59.6 keV γ-ray from a

241Am radioactive source are presented in Fig. 4.16 when the optical quartz window

is inserted between the scintillator and the PMT. The light output for the α particle

is about a factor 25-30 larger than that of the 59.6 keV γ-ray. This allows an easy

suppression of X-ray and β signals using the low energy threshold of the discrimi-

nator.

Measurements were also performed using two crystals having 10 mm diameter and 1

mm and 0.5 mm thickness, respectively. The ratio of the areas under the α particle

and the γ-ray peaks is different for the two crystals. The Y60keV /Yα ratio is about

0.5 for the 1 mm crystal and about 0.3 for the 0.5 mm crystal. This means that the

1 mm thick YAP:Ce exhibits a large efficiency, as expected, to low energy γ-rays.

Therefore, in order to reduce the background, the 0.5 mm thick crystal has been

selected to be inserted in the sealed neutron generator.

128



Energy (channels)
0 200 400 600 800 1000 1200 1400 1600 1800 2000

C
o

u
n

ts

1000

2000

3000

4000

5000

5.49 MeV
 particleα

59.6 keV
-rayγ

Am241 

Fig. 4.16: Energy spectrum of the Eα = 5.49 MeV α particle and the 59.6 keV γ-ray

from a 241Am source.

Using the Eγ = 511 keV γ pair emitted from a 22Na source, the coincident signals

between two 1 mm thick small YAP:Ce crystals were also registered in order to

determine the time resolution. Results are shown in Fig. 4.17. The coincidence

distribution shows a width of δt = 1.87 ns [FWHM], yielding a time resolution of

about 1.32 ns for the single crystal. This resolution is substantially larger than the

one reported in literature (about 250 ps), due to the use of the R6233 PMTs, which

exhibit a rise time (about 6 ns) too long to achieve good time resolution. Moreover,

these tests were performed without setting any gate on the 511 keV γ-ray energy

peak.

Since the good time resolution is one of the most important feature of our apparatus,

the 1 mm YAP:Ce crystal was tested also using a fast PMT, series R1450, which has

a rise time of 1.8 ns and a gain of 1.7×106, as reported in Tab. 4.4. As can be seen

in Tab. 4.5, the output signal from this PMT is much higher than the one from the

other PMT, the energy resolution is better and the rise time is considerably shorter.
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Spectral response 300-600 nm

Wavelength maximum response 420 nm

Structure linear focused, 10 dynodes

Size 3/4 inch diameter

Window material borosilicate glass

Max. Applied Voltage -1500 V

Gain 1.7×106

Rise time anode signal 1.8 ns

Tab. 4.4: Hamamatsu R1450 PMT characteristics.

HV Output Signal Rise Time Rα R60keV

(V) (V) (ns) (%) (%)

PMT R6233 -1000 0.25 12 8.0 32.8

PMT R1450 -1500 1.18 4 5.7 24.0

Tab. 4.5: Results obtained using the two different PMTs.

130



The R1450 PMT photomultiplier was used to test the 1 mm YAP:Ce detector ir-

radiated using neutrons and α particles at the CN accelerator by the reaction d(T,

n)α. A foil of kapton was set in front of the YAP:Ce detector in order to stop the

deuterons elastically scattered from the target. The test was aimed at studying the

behavior of the detector under an intense flux of neutrons and α particles, in view

of its use inside the sealed tube. With D beam intensity used in the test, the α

particle rate on the YAP:Ce detector was of the order of 1 kHz.

The energy spectra obtained irradiating the YAP:Ce with an 241Am source and

with the α particle produced in the D+T reaction (after the kapton absorber) are

compared in Fig. 4.18.

4.4 Bakeout and Degassing Tests

In order to verify that our detector with the assembled sapphire window satisfies

the requirements imposed by EADS-SODERN, some tests of degassing and bakeout
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Fig. 4.17: Time spectrum of YAP:Ce crystal measured for the annihilation γ-rays

from a 22Na source. A 50 ns delay is used to calibrate the time scale.
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Fig. 4.18: Energy spectra obtained irradiating the YAP:Ce with an 241Am source

and with the α particles from the D+T reaction.

have been performed.

A blank solid stainless steel CF63 flange was mounted on a vacuum chamber with a

total volume of 1.6 liters. The chamber was coupled to a 300 l/s turbomolecular oil-

free pumping unit (TURBO-V 300 HT, VARIAN 300DS, VARIAN CC2C) through

a standard CF100 VAT high vacuum valve. The vacuum inside the chamber was

measured with a Penning type gauge mechanically coupled trough a metal gasket

CF35 flange. The pressure was controlled by a Balzers TPG 300 total pressure

controller that can measure from 6×10−3 Torr to 10−9 Torr.

The system has been pumped down to a value of about 2×10−8 Torr, and then a

10 m long resistive heating strip has been wrapped around the system for bakeout.

A PT100 thermocouple has been installed inside the heating strip to measure the

temperature and trigger the strip power supply in order to maintain the bakeout

temperature to a given value with a precision of ± 20 0C.

The system was then heated to about 300 0C in steps of 50 0C for about 3 hours

while pumping. After bakeout the system was sealed off with the valve and the
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Fig. 4.19: Results from the bakeout process.

internal pressure monitored as a function of time in order to measure the degassing

of the system as reference.

After this initial test the blank flange was then substituted by the detector flange

and the bakeout process performed with the following procedure:

- initial vacuum: 1.1×10−7 Torr

- temperature steps: 25 0C

- max. degassing pressure: 5×10−6 Torr

- total bakeout time: about 3 hours.

Results obtained in the bakeout process are shown in Fig. 4.19. The bakeout process

has been performed increasing the temperature in small steps (about 2 hours are

needed to reach the maximum temperature) in order to avoid sudden thermal shocks

in the coupling of material with different thermal expansion coefficients. After the

bakeout cycle, a cool-down process was started wrapping the flange with several lay-

ers of aluminum foil in order to increase the cooling time. The system was pumped
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Fig. 4.20: Degassing rate in units of 10−13 Torr/l·s.

down during and after the cooling cycle for about 24 hours and then it was sealed

off closing the gate valve and the degassing measurement started at a pressure of

about 2×10−8 Torr. The measurement took place for several hours monitoring the

vacuum value inside the vessel as a function of time in a range between 1×10−7 to

8×10−7 Torr. The results of such measurements are shown in Fig. 4.20.

As expected, the degassing rate first decreases and then reaches an asymptotic value

as soon as the degassing surface reaches a dynamical equilibrium with the residual

gas.

The values of the degassing rate shown in Fig. 4.20 in units of 10−13 Torr/l·s are

given assuming that the degassing is more or less uniform for all the internal surface.

Results represent the contribution due to the internal surface of the detector flange

which represents about 2-3 % of the total internal surface. This assumption has

been made based on the fact that no appreciable difference has been measured in

the degassing rate due to the ”blank” flange and the detector flange. Therefore one

can assume that the detector setup contributes to the degassing as a solid polished

stainless steel surface having the same size.
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Before bakeout, a measurement on the light response to α particles has been per-

formed on the assembled YAP:Ce crystal in the following conditions:

• distance YAP-241Am source: 23 mm in air STP;

• coupling of YAP:Ce with sapphire window in final configuration;

• coupling of sapphire window with PMT by contact, no grease used.

The first condition was established in order to reproduce the energy of α particles

produced inside a neutron generator by the D+T reaction (Eα = 3.5 MeV) and

degraded further to Eα ∼ 3.0 MeV to reproduce the energy loss in the silver coating

that will be lined on the YAP:Ce surface for its final installation. After bakeout the

same measurements were performed and identical results have been reached using

the R1450 PMT at -1500 V, thus confirming that no damage has been suffered by

the YAP:Ce during the bakeout process.

Finally, after the bakeout test, the internal surface of the YAP:Ce crystal was coated

by an evaporation of about 1 mg/cm2 of metallic Ag for the following purposes:

• to stop backscattered deuteron particles up to about 200 KeV;

• to assure better reflectivity and light collection of the YAP;

• to protect the YAP:Ce crystal from the light glow inside the neutron generator.

The deposition has been performed in high vacuum (about 10−7 Torr) using an

electron gun on a tungsten crucible.

After the silver coating new measurements have been performed and a final bakeout

and degassing process was applied, obtaining the same curves shown in Fig. 4.19

and in Fig. 4.20.

After this final test, the flange with the YAP:Ce detector was delivered to EADS-

SODERN to be mounted in the neutron generator.
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4.5 The SODERN System Development

During 2002, SODERN designed and built a first version of the neutron generator

and INFN prepared and tested the flange with the YAP:Ce detector. The neutron

generator was assembled at the end of 2002 and tested in February 2003. Due to the

geometry of the electric and magnetic fields in the target region of the generator, an

overflow of δ-electrons, produced by the beam atomic collisions on the target, hit

the YAP:Ce detector generating a very high background on the detector itself.

This first prototype, already loaded with deuterium-tritium gas, was not usable nor

the α particle detector was re-workable, because of the radiation hazard.

Consequently a generator with new accelerating and extracting electrodes was de-

signed (February-March, 2003) and a new flange with the YAP:Ce detector was built

and tested by INFN. The second version of the YAP-equipped neutron generator

was manufactured in June and tested using the D+D reaction in July. In these

tests no electrons hit the α particle detector and the coincidence between 3He in the

YAP:Ce detector and neutrons in a liquid scintillator detector were recorded. The

neutron emission obtained with D+D reactions was of the order of 105 neutron/s,

100 times less than the neutron emission obtainable with D+T reactions at the same

beam energy, due to the lower cross section.

The neutron generator was opened and loaded with deuterium tritium in October

2003 and the final tests with D+T neutron producing reaction have been recently

performed and are satisfactory.
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Chapter 5

Experiments with the EXPLODET Sensor at IRB

5.1 Introduction

Due to the rather poor working conditions and the limited beam time availability

at the VDG accelerator at LNL, the EXPLODET system (described in Chapter 2)

was moved at the end of 2002 to the Rudjer Boskovic Institute (IRB) in Zagreb,

Croatia, where it has been installed at the Neutron Laboratory. This laboratory

is equipped with a 300 kV electrostatic accelerator. The energy of the deuteron

beam employed in the tests described in the following was Ed = 150 keV. With this

beam energy, the degrader and the collimators, used during the previous LNL tests,

were not necessary. The flux of neutrons was about 5·106 neutron/s. Moreover the

possibility exists in Zagreb, as it will be shown here, to perform measurements with

real explosive devices as landmines.

5.2 Description of the EXPLODET Sensor at IRB

In the EXPLODET sensor at IRB, the PPAC detector has been substituted with

a 40 mm diameter, 5 mm thick YAP:Ce detector. The YAP:Ce detector has been
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Fig. 5.1: Picture of the vacuum chamber equipped with the YAP:Ce detector.

placed inside the reaction chamber at approximately 5.5 cm from the target, at 900

with respect to the beam direction and at an azimuthal angle of 450. For the tests

reported in this section, a 5.5 mm diameter collimator has been positioned in front

of the YAP:Ce detector in order to limit the size of the tagged neutron beam at the

inspection plane (defined by the BaF2 detector array).

The hemispherical upper part of the vacuum chamber has been replaced by a flat

lid equipped with a standard CF63 flange made of 316L stainless steel. The flange is

equipped with a 3 mm thick, UV-extended, quartz window, where the YAP:Ce de-

tector has been mechanically coupled. A Hamamatsu R1450 PMT has been coupled

to the quartz window by air gap, without use of optical grease. The new tagging

system is shown in Fig. 5.1.

At IRB the reaction chamber is positioned at a height of 127 cm from the floor.

The distance between the BaF2 detectors and the tritium target has been increased

with respect to the EXPLODET sensor at LNL in order to reduce the halo of the

tagged neutron beam that hits directly the γ-ray detectors. The distance between

the front face of the γ-ray detectors and the floor is now 68.5 cm and the tagged

neutron beam should intercept the inspection plane at a distance of about 22 cm
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Fig. 5.2: The EXPLODET sensor in operation at IRB.

below the γ-ray detectors. A picture of the complete system is reported in Fig. 5.2.

The front-end electronics was slightly changed with respect to the LNL EXPLODET

system. Using a single α particle detector, the α PATTERN UNIT is not used any-

more and the Flash ADC channel#1 digitalizes now the energy signal of the α

particle detector. As in the previous system, channel#2 provides the γ-ray energy

spectrum, channel#3 the BaF2 detector identification and channel#4 the coinci-

dence time spectrum, respectively. Moreover, in this campaign of measurements,

only 3 BaF2 detectors were operated for sake of simplicity. The BaF2 γ-ray detec-

tors have been calibrated using 22Na and 60Co sources and the Eγ = 4.45 MeV γ-line

produced in the inelastic scattering reaction of the neutron on the graphite sample.

An example of the on-line spectra as obtained with the new sensor is shown in

Fig. 5.3.

A rate meter (Quad Scaler mod.145, CAEN) was used to check the counting rates

of the YAP:Ce and BaF2 detectors and the coincidence rate between the α particle

detector and the BaF2 detectors.
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Fig. 5.3: On-line display of the spectra acquired with the current set-up: the energy

of the associated α particles (top-left), the BaF2 energy (top-right), the BaF2 pattern

unit (bottom-left) and the time delay between α particle and BaF2 detectors (bottom-

right).
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Fig. 5.4: Number of neutron-α particle coincidences divided by the single α counts

as a function of the vertical position. d is the distance between the center of the

neutron detector and the front face of the BaF2 detectors.

5.3 Neutron Beam Dimensions

In order to verify experimentally the dimensions of the tagged neutron beam, a 10

cm diameter, 10 cm thick NE213 liquid scintillator has been placed along the BaF2

array at about 25 cm below the detector front faces and at a distance of about

115 cm from the tritium target. Starting from a central position between γ4 and

γ5, the neutron detector was moved vertically and horizontally with respect to the

array axis. As an example of the results obtained, the number of neutron-α particle

coincidences divided by the number of the single α counts, is plotted in Fig. 5.4

as a function of the vertical position. The result is, as expected, a bell shaped

distribution, having the center at 31 cm from the front faces of the γ-ray detectors.

The disagreement between this value and the one determined geometrically indicates

that the YAP:Ce detector is mounted at an azimuthal angle slightly smaller than

450 due to the uncertainties of the mechanical stands. Along the BaF2 detector
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direction, the beam is centered exactly in the middle of the array axis between

detectors γ4 and γ5. As already reported in Chapter 3, considering the energy

of the deuteron beam, the estimated average angle between the α particle and the

correlated neutron is evaluated to be of the order of 1700. Consequently, the neutron

beam should be centered 8 cm off the measured position, suggesting that the angle

between the YAP:Ce detector and the target is not exactly 900. This again depends

on the mechanical uncertainty of the system. We stress the fact that in a more

refined system all those uncertainties can be easily avoided.

5.4 Time Resolution

The time resolution of the EXPLODET sensor has been studied positioning a

10×10×10 cm3 graphite sample under detectors γ4 and γ5, in the center of the

measured tagged neutron beam.

The time spectra have been calibrated adding known delays to the stop line of the

TAC. The obtained time calibration is ∆t = ∆c×0.127 ns/channel, where ∆c is the

number of channels considered. The time distribution of the coincidences between

the α particle detector and the detector γ5 associated with the graphite sample,

shown in Fig. 5.5, was obtained setting gates on the Eγ = 4.45 MeV γ-ray energy

peak (without background subtraction) and the α particle energy peak, as shown

in Fig. 5.6. The measured time resolution is δt = 1.6 ± 0.1 ns [FWHM] and has

to be corrected for the jitter in the time of flight of the α particles and for the

spread due to the different neutron flight paths inside the volume of the graphite

block. Considering the energy of the produced α particles and the target-YAP:Ce

distance, the α particle contribution to the time resolution is negligible, being of the

order of δt ' 0.1 ns. The neutrons emitted along the 450 direction, can travel up to

14 cm in the graphite block. The time distribution of the emitted γ-rays from the

graphite sample has been obtained from the Monte Carlo simulation and it is shown

in Fig. 5.7. From this spectrum, the geometrical correction results to be δt = 1.3 ±
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Fig. 5.5: Time distribution of the coincidences between the α particle detector and

the detector γ5 obtained setting gates on the Eγ = 4.45 MeV γ-ray energy peak and

the α particle energy peak.

0.1 ns [FWHM]. Consequently, the time resolution, corrected for geometrical effects

due to the sample, is δt = 0.9 ± 0.2 ns, which corresponds to a spatial resolution

of about 5 cm along the neutron flight path. If the time resolution of the BaF2

detector is assumed to be δt ' 0.8 ns [FWHM], the obtained time resolution of the

YAP:Ce detector is determined to be about δt ' 0.5 ns [FWHM].

5.5 Analysis of the TAC Spectrum

The information contained in the time spectrum from the present sensor are dis-

cussed in this section. A typical complete time spectrum is shown in Fig. 5.8, as

obtained selecting the α particle peak and the BaF2 detector γ4. It appears to be

quite complicated, with a number of well defined structures. In order to understand

their origin, Monte Carlo simulations have been performed with different conditions.

The experimental geometry of the EXPLODET set-up has been reconstructed in the
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Fig. 5.7: Monte Carlo simulated time distribution of the γ-rays entering into the

detector γ5.

simulation code described in Appendix A, except for the tritium target, which was

not considered. The following simulations were performed:

a) simulation with the complete geometry: the stainless steel reaction chamber,

the BaF2 detectors, the aluminum stands, the graphite sample and the floor.

Either the neutron events or the γ-ray events inside the BaF2 detectors have

been accepted. The predicted time spectrum is shown in Fig. 5.9(a).

b) Simulation with the complete geometry but only γ-ray events inside the BaF2

detectors have been accepted (see Fig. 5.9(b)).

c) Simulation without the stainless steel reaction chamber. Both neutron and

γ-ray events have been accepted (see Fig. 5.9(c)).

d) Simulation without the graphite sample. Both neutron and γ-ray events have

been accepted (see Fig. 5.9(d)).

e) Simulation without the floor. Both neutron and γ-ray events have been ac-
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cepted (see Fig. 5.9(e)).

The first peak located at about 3-4 ns in the measured time spectrum is assumed

to be due to γ-rays produced by reactions of 14 MeV neutrons with the T-Ti target

holder (Fig. 5.8), whose events are not implemented in the simulation. The second

peak at about 6 ns disappears removing the reaction chamber in the simulation

(Fig. 5.9(c)) and it is unchanged when only γ-ray events in the γ-ray detectors are

accepted (Fig. 5.9(b)). Consequently it is due to γ-rays produced by neutrons in-

teracting with the reaction chamber. The third peak at about 18 ns is produced by

neutrons scattered by the reaction chamber and hitting the BaF2 detector directly.

In fact, it disappears either removing the reaction chamber from the simulation

(Fig. 5.9(c)) or selecting only γ-ray events (Fig. 5.9(b)). The fourth peak at about

24 ns comes from γ-rays produced by the interaction of neutrons with the graphite

sample. This peak is easily identified experimentally simply removing the graphite

sample and it is reproduced by the simulation (Fig. 5.9(d)). At about 30 ns there

is a small bump, resulting only when the graphite sample is used and the neutron

events are accepted. It is due to the neutrons scattered by the graphite sample. The

last large structure at about 35-40 ns is due to γ-rays and neutrons produced by in-

teractions of neutrons with the floor in agreement with the simulation (Fig. 5.9(e)).

The delay of 35-40 ns is compatible with the time of flight of neutrons hitting the

floor, the right tail of this distribution includes also neutrons scattered by the floor,

which hit the detectors at longer time compared with the γ-rays.

The experimental γ-ray energy spectra relative to each structure of the time of flight

spectrum are shown in Fig. 5.10. The latter spectra were obtained setting gates on

the α particle energy peak and on the detector γ4.

The energy spectrum of the γ-rays from the T-Ti target presents some low energy

structures, probably due to (n, n’γ) reactions on the copper used in the target holder.

Selecting the second time structure, two energy peaks at Eγ = 0.85 MeV and Eγ

= 1.24 MeV are clearly seen, corresponding to two lines characteristic of (n, n’γ)

reactions on the iron nuclei in the stainless steel of the reaction chamber.
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Fig. 5.9: Time distribution of the α-γ coincidences from the Monte Carlo simu-

lations. Spectra are obtained requiring different conditions: (a) γ-ray and neutron

events accepted; (b) only γ-rays accepted; (c) the reaction chamber was replaced by

air; (d) the graphite sample was replaced by air; (e) the floor was replaced by air.

For details see the text.
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of flight spectrum, obtained selecting the α particle energy peak and the detector γ4.
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The energy spectra obtained selecting the neutrons scattered by the reaction cham-

ber and by the graphite sample do not present any particular structure but are both

characterized by the same slope with mean energy at about Eγ = 1.7 MeV.

The time structure identified as due to γ-rays from the graphite sample is associated

with the 4.45 MeV photon with its first escape peak characteristic of carbon.

In the last energy spectrum, relative to γ-rays and neutrons from the floor, a tran-

sition from the silicon nuclei in the cement has been identified at Eγ = 1.78 MeV.

Events with energy of about 4 MeV are probably due to carbon (Eγ = 4.45 MeV

and Eγ = 3.94 MeV) and oxygen (Eγ = 3.85 MeV) transitions. A contribution from

calcium nuclei contained in the concrete is also possible, being the latter nuclei char-

acterized by a Eγ = 3.90 MeV γ-ray line. Finally the bump in the region between

Eγ = 5-7 MeV is likely to be due to oxygen nuclei in the concrete.

5.6 Experimental Tests with Real Explosives

In this section we are interested in exploiting the sub-nanosecond time resolution of

the system in order to scan suitcases filled with different materials and containing

”hidden” explosive devices, different voxels being inspected selecting windows in the

time of flight spectrum.

For these measurements, a set of different Anti-Personnel landmines, shown in

Fig. 5.11, and a big Anti-Tank mine have been provided by the Croatian Ministry

of Interior and were available at the Neutron Laboratory.

In order to perform some tests, a standard hard plastic suitcase has been positioned

under the γ-ray array, as shown in Fig. 5.2 and Fig. 5.12. The suitcase has been

filled with different kinds of clothes in order to simulate an average content. The

luggage has been positioned in the center of the neutron beam, tilted at about 450,

so that the tagged neutron beam hits the sample normally to its surface.

The first tests were performed to verify the capability of the system to recognize

hidden elementary samples. At first, the empty suitcase and the suitcase containing
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Fig. 5.11: Picture of the landmines available at the Neutron Laboratory in Zagreb.

Fig. 5.12: Luggage positioned under BaF2 detectors.
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clothes were irradiated. The time spectrum relative to a single BaF2 detector was

sliced into very small time intervals (∆t ' 0.6 ns). In the energy spectra, obtained

with these time selections, two regions were selected: the region Eγ = 4.1-4.8 MeV,

where is located the full-energy peak of the carbon photons, and the region Eγ =

5.1-7.1 MeV, containing the structures from the oxygen Eγ = 6.91 and 6.13 MeV

photons. The yield in these two regions, as a function of different time windows,

is reported in Fig. 5.13(a)-(b) for the empty suitcase and Fig. 5.13(c)-(d) for the

suitcase filled with clothes. The yield for the Eγ = 4.1-4.8 MeV region relative to the

empty suitcase exhibits two peaks at channels 615 and 655, which are clearly seen,

despite the very low statistics. The distance between the two peaks corresponds to

a delay of about 5 ns, which is the time of flight of the 14 MeV neutrons to travel

between the two walls of the suitcase. In the energy window Eγ = 5.1-7.1 MeV no

structures are present, as due to the low oxygen content of plastic material. When

the suitcase is randomly filled with clothes and cardboard (”background material”),

the structures in the Eγ = 4.1-4.8 MeV region are still present, but are not so clearly

defined as in the previous case. This might depend on the distribution of carbon

contained in the clothes and in the cardboard. The yield of the Eγ = 5.1-7.1 MeV

region indicates a larger presence of oxygen in the ”background material”.

As second step, a 10×10×10 cm3 graphite sample was added inside the luggage.

The energy spectrum obtained selecting only the detectors γ4 and γ5 and setting a

narrow gate on the right peak in the time spectrum is shown in Fig. 5.14. The full

energy peak (Eγ = 4.45 MeV) and the first escape peak (Eγ = 3.94 MeV) of the γ-

rays are clearly identified. This spectrum has been compared with the one obtained

irradiating only the suitcase with clothes but without graphite for the same time

gate previously used. The contribution from the ”background” material contained

in the suitcase appears to be quite negligible. It is also worth mentioning that in the

present experimental condition the size of the neutron beam is certainly larger than

the graphite sample. This means that the graphite sample-in spectrum contains

certainly a contribution from the ”background” clothes.

152



Time (channels)
610 620 630 640 650 660 670

Y
ie

ld

0

2

4

6

8

10

12

14

Empty suitcase

 = 4.1-4.8 MeVγE
(a)

Time (channels)
610 620 630 640 650 660 670

Y
ie

ld

0

2

4

6

8

10

12

14

Suitcase with clothes

 = 4.1-4.8 MeVγE
(c)

Time (channels)
610 620 630 640 650 660 670

Y
ie

ld

0

1

2

3

4

5

6  = 5.1-7.1 MeVγE
(b)

Time (channels)
610 620 630 640 650 660 670

Y
ie

ld

0

2

4

6

8

10  = 5.1-7.1 MeVγE
(d)

Fig. 5.13: Yield in two different energy regions of the energy spectra ((a) and (c)

Eγ = 4.1-4.8 MeV; (b) and (d) Eγ = 5.1-7.1 MeV), as a function of different time

windows for the empty suitcase (a)-(b) and for the suitcase filled with the clothes

(c)-(d).
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Fig. 5.14: Energy spectra obtained selecting detectors γ4 and γ5 and setting a window

on the time spectrum and on the α energy peak.

In order to test the capability of the system to identify hidden materials with dif-

ferent elemental compositions, a bottle of water (1.5 l) was positioned in front of

the graphite sample into the luggage, as shown in Fig. 5.15. The time spectra of

detector γ4, acquired with the ”graphite” and ”water + graphite” samples, are over-

laid in Fig. 5.16. The time difference between the centroids of the two time peaks

corresponds to the neutron flight path difference from the center of the bottle to the

center of the graphite sample.

Also in this case, the ”water + graphite” time spectrum has been sliced into small

intervals with ∆t ∼ 0.6 ns and the yield in the two energy regions previously defined

are reported as a function of time in Fig. 5.17(a) and Fig. 5.17(b), respectively.

The yield relative to the Eγ = 5.1-7.1 MeV region presents a well-defined peak at

about channel 630, having a width compatible with the dimension of the bottle of

water. The yield for Eγ = 4.1-4.8 MeV seems to have two maxima in two different

time regions. The first peak is at channel 620-630, which corresponds to the region

of water. The second peak is at about channel 645, which corresponds to the re-
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Fig. 5.15: Pictures of the graphite sample and of the bottle of water placed into the

luggage.
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Fig. 5.16: Time spectra acquired with a graphite sample and with a bottle of water

(1.5 l) in front of the graphite sample.
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gion of graphite. This indicates clearly that, as expected, the energy window Eγ =

4.1-4.8 MeV is fed also by higher energy photons from oxygen nuclei interacting in

the BaF2 detectors by Compton scattering. This contribution has to be estimated

and subtracted, in order to extract information from the distributions of events due

only to the graphite sample.

In a separate run only the bottle of water was irradiated. The ratio of the contri-

bution in the two energy regions due to oxygen has been determined to be about

Y(4.1−4.8MeV )/Y(5.1−7.1MeV ) ' 0.3. This correction was used to subtract the contri-

bution of oxygen nuclei in the region of Eγ = 4.1-4.8 MeV, obtaining the ”oxygen

subtracted” distribution shown in Fig. 5.17(c). In the latter spectrum, the peak cor-

responding to γ-rays produced by the graphite sample is well identified at channel

645. The first structure located at channel 615 is identified as due to the carbon

contained in the wall of the suitcase, while the contribution from the second wall is

probably not separated from the one due to the graphite sample.

The energy spectra obtained selecting different time gates are presented in Fig. 5.18,

demonstrating a marked difference between the voxel containing oxygen and carbon.

It is interesting to underline the rather remarkable effect of moderation of neutrons

caused by the bottle of water in the test described above. To this end in Fig. 5.19

is shown the yield relative to the Eγ = 4.1-4.8 MeV region in two irradiations: one

with only the ”graphite” sample and the other with the ”water + graphite” samples

with the ”oxygen correction” described earlier.

The two spectra have been normalized to each other, the quantity of graphite and

its position being the same. Nevertheless one sees that the peak associated to the

graphite is reduced by a factor 3 when the bottle of water is placed in front of the

graphite, thus greatly reducing the flux of 14 MeV neutrons hitting the sample.

Once the capability of the system of inspecting the luggage has been demonstrated,

some explosive devices have been introduced inside the suitcase. For this second

type of tests, an Anti-Tank mine, type TMA-2, and a small Anti-Personnel land-
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Fig. 5.18: Energy spectra of ”water + graphite”, obtained selecting different time

gates.
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Fig. 5.19: Yield of the Eγ = 4.1-4.8 MeV region as a function of the time in two

irradiations: one with only the ”graphite” sample and the other with the ”water +

graphite” samples with the ”oxygen correction”.

mine, type PROM-1, have been used. The TMA-2 is an Anti-Tank mine filled with

5.5 kg of TNT (C7H3N3O6). The explosive is contained into a plastic case of 31 cm

diameter and 10 cm high. The TNT has the same diameter but it is only about

7 cm high. The PROM-1 is an AP landmine filled with 425 g of TNT, having a

case made by 2.5 kg of iron. The energy spectra of the PROM-1 and the TMA-2

mines, obtained selecting the α energy peak, the detectors γ4 and γ5 and setting the

proper time gate on the time spectrum, are shown in Fig. 5.20(a) and Fig. 5.20(b)

respectively.

In the PROM-1 energy spectrum the signatures of iron can be clearly identified at

Eγ = 0.85 MeV and Eγ = 1.24 MeV. The signatures from carbon and oxygen transi-

tions are also seen into the energy spectrum but are very weak. On the contrary, the

peaks due to carbon and oxygen are clearly seen in the TMA-2 energy spectrum, due

to the large content of TNT and the presence of the plastic case. We note, however,

that the signature of the nitrogen at Eγ = 2.30 MeV and Eγ = 5.10 MeV cannot
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Fig. 5.20: Energy spectra of the PROM-1 (a) and the TMA-2 (b) mines.
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be identified in both spectra. As reported in Fig. 3.17, in previous measurements

with the LNL sensor on a TNT simulant (melamine), the Eγ = 2.30 MeV peak due

to nitrogen was clearly identified. This difference is probably due to the different

composition of melamine (C3H6N6) and TNT (C7H3N3O6). The presence of strong

oxygen and carbon peaks can contribute to hide the weak structures due to nitrogen.

Exploiting the good time resolution of the system, some additional information on

the composition of the object under investigation can be obtained in the case of

the TMA-2 mine. The time spectrum relative to a given γ-ray detector was sliced

into small time intervals with ∆t ' 0.5 ns and the yield in the Eγ = 4.1-4.8 MeV

region with the oxygen correction previously defined and in the Eγ = 5.1-7.1 MeV

region have been reported as a function of the time windows in Fig. 5.21(a) and

Fig. 5.21(b).

As previously reported, the TMA-2 plastic case is a right cylinder 10 cm high and

some millimeters thick. The TNT is placed inside and is ∼7 cm high. Consequently

inside the case there is a ∼3 cm layer of air. The 14 MeV neutrons cross the first

wall of the plastic box in about ∆t ' 0.05 ns, which corresponds to less than 1

channel in the time of flight spectrum. Then the neutrons need about ∆t ' 0.6 ns

(about 5 channels) to cross the air layer and about ∆t ' 1.4 ns (about 11 channels)

to cross the TNT.

Analyzing the data relative to the two energy regions, it is estimated that the widths

[FWHM] of the distributions are 17.6 ± 0.6 channels (corresponding to 2.2 ns) for

the yield in the Eγ = 4.1-4.8 MeV region and 13.2 ± 0.4 channels (corresponding

to 1.7 ns) for the yield in the Eγ = 5.1-7.1 MeV region. This difference is due to

the presence of the plastic case, which has a low oxygen content. The ratio between

the yield in the two energy regions (Y5.1−7.1MeV /Yoxygensubt.
4.1−4.8MeV ) has been plotted as a

function of the time windows in Fig. 5.21(c). This distribution exhibits a maximum

in the region around channel 645-655 (labelled as ”gate II” in Fig. 5.21), which

should correspond to the region of TNT, and it decreases remarkably in the region

around channel 640 (labelled as ”gate I” in Fig. 5.21). Since the oxygen content of
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Fig. 5.21: Yield in two different regions of the energy spectra ((a) Eγ = 4.1-4.8

MeV region (”oxygen subtracted” distribution), (b) Eγ = 5.1-7.1 MeV region) as a

function of different time windows. (c) Ratio between the yield in the two energy

regions as a function of different time windows.
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time gate Y4.1−4.8MeV /Y5.1−7.1MeV

TMA-2 gate I 1.54±0.26

TMA-2 gate II 0.56±0.04

TMA-2 0.66±0.04

books 0.55±0.05

Tab. 5.1: Ratios between the yield in the Eγ = 4.1-4.8 MeV region (”oxygen sub-

tracted” distribution) and in the Eγ = 5.1-7.1 MeV region for three different time

gates. Either the TMA-2 mine or books are considered.

the plastic case is negligible, the latter time region should be mainly related to the

first wall of the plastic case.

The energy spectra obtained selecting the detector γ4 and the two time gates shown

in Fig. 5.21 are presented in Fig. 5.22(a) and Fig. 5.22(b). The energy spectrum

relative to ”gate I” clearly shows the presence of the carbon peak (Eγ = 4.45 MeV),

while the peaks due to the oxygen cannot be identified. This result confirms qual-

itatively that we are selecting mainly the wall of the plastic case. On the contrary

both signatures from carbon and oxygen transitions are clearly seen in the energy

spectrum relative to ”gate II”, confirming that the explosive region has been mainly

selected in this way. The energy spectrum obtained setting a larger gate (channels

633-663) on the time distribution has been already shown in Fig. 5.20(b). The ratios

between the ”oxygen subtracted” yield of the Eγ = 4.1-4.8 MeV region and the one

of the Eγ = 5.1-7.1 MeV region for the three different time gates are reported in

Tab. 5.1.

The measured yield ratio depends on the elemental C/O ratio in the sample but it

is also affected by the response function of the BaF2 detectors, by the experimental

geometry and possible attenuation of the γ-rays. It is therefore not so simple to

extract from the measured ratio the C/O ratio. On the other side, the confirmation
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Fig. 5.22: Energy spectra of the TMA-2 mine obtained selecting the detector γ4 and

the two time gates ((a) gate I, (b) gate II) shown in Fig. 5.21.
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Fig. 5.23: Comparison between the energy spectra of books and of an Anti-Tank

mine (TMA-2) obtained setting a narrow time window on the time spectra.

that we are really measuring the C/O ratio from the TNT inside the TMA-2 mine

can be obtained by calibrating the system with some material having a known C/O

content. The best way for calibration should be measuring a pure TNT sample that

was not available during the experiment. We used, instead, paper as reference mate-

rial. The paper contains carbon, oxygen and hydrogen, like the explosive material.

From the data reported in literature, the paper would have a carbon to oxygen ratio

(C/O = 1.21) very close to the one relative to TNT (C/O = 1.15). The books were

positioned into the suitcase and irradiated in a separate run, obtaining the energy

spectra for detector γ4 presented in Fig. 5.23, where is compared with the one from

the TMA-2 mine. These spectra were obtained setting a narrow window on the

time distribution, in order to select only the TNT contained in the TMA-2 mine.

As reported in Tab. 5.1, the Yoxygensubt.
4.1−4.8MeV /Y5.1−7.1MeV ratio is similar in the case of

books and TNT. Consequently it seems that the present sensor is able to analyze

even the material inside a plastic cylinder as the TMA-2 mine.
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Chapter 6

Summary and Conclusions

The Associated Particle Technique is a well known tool used in the past for different

applications, as to prepare tagged beams in scattering and polarization experiments

[5] or for the absolute calibration of neutron sources and detectors [3]. Several

groups have recently proposed and tested fast-neutron based techniques also for

the detection of hidden explosives (i.e. landmines), unexploded ordnance (UXO),

chemical warfare agents [6] [17] and also for medical application [39]. The use of

the Associated Particle Techniques in such fields is thought to be very effective in

order to reduce the background due to neutrons hitting the material surrounding

the interrogated object. In this way a significant improvement of the signal-to-noise

ratio can be obtained.

Standard ion accelerators have been used to verify the applicability (the so called

proof-of-principle) of the AP technique in non-destructive inspections. Available

data indicate that the AP technique is an efficient tool in the detection of hidden

explosive devices [14].

On the other hand, the large size and the complex equipments associated with stan-

dard accelerators make them not suitable for field applications. Consequently the

development of compact, portable neutron generators is urgently needed in fielding
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such technique. Compact, sealed electrostatic neutron generators have been de-

veloped for oil well logging, nuclear waste assay and neutron radiography and are

available as commercial devices. However, they cannot be used in a simple way for

associated particle operation, since they have no capability to focus the ion beam on

a small spot on the target, and have no possibility to mount internal α particle de-

tectors. The insertion of an AP detector inside a neutron generator requires, indeed,

some considerable technological efforts. In fact, due to the presence of tritium these

generators have to be sealed in order to prevent environmental contamination. In

this condition, the vacuum is guaranteed by some getter units. All the internal com-

ponents have consequently to be high vacuum graded, with a minimum out-gassing.

Furthermore, during the final assembly procedure, a long phase of bake-out at high

temperature (∼400 0C) is applied. Consequently, the materials used for generator

(and detector) components in the generator have to satisfy several stringent require-

ments.

Within the EXPLODET collaboration, a project was started in 2000 to design and

build a wide-angle scanning system based on tagged fast neutrons for the detection

of explosives (i.e. landmines) hidden in a homogeneous environment.

The technological challenge of the EXPLODET fast neutron sensor system was two-

fold:

- to build a tagging system using standard electrostatic accelerator, which allows

to inspect a wide area (10×100 cm2);

- to develop portable neutron generators with a built-in tagged system, to be

connected with the inspection system previously developed.

In the first phase of the project, deuteron beams from the CN Van de Graaff ac-

celerator at LNL were used. In our device, a linear array of α detectors is used to

define 8 independent neutron beams exploring simultaneously 8 pixels on the soil.

Each pixel is viewed by an independent fast γ-ray detector, operated in coincidence

with the α particle array, that opens the possibility to determine the position of the
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unknown object from the neutron time-of-flight and to subtract on-line the back-

ground.

The system was tested at LNL during two test runs performed in May 2001 and in

May 2002. The analysis of the data, reported in this thesis, demonstrates that it is

possible to identify the position of a single object in an homogeneous background

with uncertainty of about 1 cm.

Owing to the geometry of the sensor and the time resolution achieved with our de-

tectors, the dimensions of the voxel that can be inspected at about 100 cm from the

target is of the order of 12×12×12 cm3. The definition of the volume unit under

investigation can improve the signal to background ratio by a factor 4 with respect

to the case of inspecting the entire 10×100 cm2 scanning area.

Samples of graphite, of explosive simulant (melamine) and of H3PO4 were placed on

top of a soil box and irradiated for a period of about 1000 seconds to demonstrate

the capability of the system to identify various chemical elements. In each case, a

background spectrum, acquired after removing the sample, has been subtracted to

the sample spectrum. We have verified the sensitivity of the system in the identifi-

cation of a particular compound, defining the fingerprint of the compound itself.

Moreover, it is possible to identify a sample placed on an unknown position on the

soil surface in a ”searching mode” subtracting the background dynamically during

the irradiation. The idea is to use as background for each detector the signals com-

ing from the other detectors in the same run, instead of subtracting the background

spectrum taken with the same detector in a different irradiation. As a result, the

subtraction of background on-line appears to be essentially equivalent to the subtrac-

tion of background from a separate dedicated run demonstrating the great advantage

in the data treatment given by our large area system.

However, the experimental campaign at LNL ended with the May 2002 run, due to

the difficult working conditions as far as the quality of the beam and the amount of

beam time available for the present experimental project. The experimental set-up

was moved to the Neutron Laboratory at the Institute Ruder Boskovic in Zagreb, a
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lab that is fully dedicated to these applications.

In parallel with the study of the large area inspection system, the possibility of

obtaining a portable open-end accelerator was investigated by our group, in order

to realize a device that could be mounted on a portable platform. A contract was

signed in 1999 with the ASPECT company in Dubna (Russian Federation) to de-

velop a portable open-end neutron generator with the possibility of using our tagging

system for APT. Unfortunately, the ASPECT prototype did not pass the test phase

and at the end of 2001 the contract was canceled.

A new contract was signed between the Physics Department of the Padova Uni-

versity and EADS-SODERN (France) to build a sealed neutron generator in which

a tagging system for the associated particles can be used. In this case, special α

particle detector has to be specifically developed to meet the stringent requirements

from a sealed generator system.

As α particle detector, a crystal of YAP:Ce (YAlO3 Cerium loaded, Yttrium Alu-

minum Perovskite) was selected. This is a new kind of scintillator material featuring

a very fast response (the decay constant is 25 ns) and a high integrated light output

(40% of NaI(Tl)). Moreover the YAP:Ce detector exhibits very good mechanical

and chemical properties and can be used also in hostile environments under high

temperature or high pressure conditions. The YAP:Ce detector has been coupled

inside a standard CF63 flange made of 316 stainless steel equipped with a sapphire

UV extended window. Degassing and bakeout tests have been performed in order

to verify that our detector satisfies the requirements imposed by SODERN and can

be mounted in the neutron generator.

SODERN have successfully tested the final version of the YAP-equipped neutron

generator using the D+D reaction in July 2003. The neutron emission obtained

with D+D reactions was of the order of 105 neutron/s, 100 times less than the neu-

tron emission obtainable with D+T reactions at the same beam energy, due to the

lower cross section. The final tests with D+T neutron producing reaction have been

recently performed and are satisfactory.
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The new tagging system developed for the SODERN neutron generator has been

also tested at the Rudjer Boskovic Institute (IRB) in Zagreb. The time resolution

achievable with our inspection system, when the YAP:Ce detector is used, is of the

order of 0.9 ns, which corresponds to a spatial resolution of about 5 cm along the

neutron flight path.

Thanks to the sub-nanosecond time resolution, it is possible to scan suitcases filled

with different materials and containing hidden explosive devices. Two different land-

mines were introduced inside the suitcase and in the case of the Anti-Tank mine the

signatures relative to the carbon and oxygen contained into the explosive are clearly

identified. It seems that the present sensor is able to analyze even the material

inside a plastic cylinder as a plastic Anti-Tank mine.

After November 2003 the YAP-equipped neutron generator will be moved to the

Laboratory for Interdisciplinary Application of Neutrons, recently funded by the

Padova University, where a new experimental program will start in order to char-

acterize new sensors and to explore all the possible applications. It has also to be

mentioned that, since the γ-ray detectors used up to now present a very poor energy

resolution, because of aging, it is also planned to improve this part of the system.

This will open also the possibility to perform a more quantitative analysis of the

γ-ray spectra, in order to enable real time identification of the investigated material

by comparison with reference data.
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APPENDIX A

Monte Carlo Simulations

A.1 Introduction

A detailed simulation of the fast neutron sensor is necessary to get a clear un-

derstanding of the apparatus performances, such as the dimensions of the tagged

neutron beams and the different contributions to the time resolution.

The Monte Carlo simulations of the EXPLODET sensor have been performed using

simulation codes based on GEANT, version 3.21. The GEANT program is a system

of detector description and simulation tools, able to simulate the passage of elemen-

tary particles through the matter [31].

The principal applications of GEANT are the following:

- the transport of particles through an experimental setup for the simulation of

detector response;

- the graphical representation of the setup and of the particle trajectories.

These two functions are combined in the interactive version of GEANT.

The GEANT system allows to:

- describe an experimental setup by a structure of geometrical volumes;
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- accept events simulated by Monte Carlo generators;

- transport particles through the various regions of the setup, taking into ac-

count geometrical volume boundaries and physical effects according to the

nature of the particles themselves, their interactions with matter and the mag-

netic field, when present;

- record particle trajectories and the response of the sensitive detectors;

- visualize the detectors and the particle trajectories.

GEANT has been developed for High Energy Physics applications, consequently, in

order to simulate the interactions of low energy neutrons (from 0.025 eV to 10 MeV)

on different nuclei, a package of subprograms called MICAP (Monte Carlo Ionization

Chamber Analysis Package) have been developed. This package contains the code

for formatting the cross-section files, neutron and photon transport and the geome-

try definitions [31]. In GEANT only the sampling of the neutron interactions from

the already prepared cross-section file is included. When using GEANT-MICAP

interface the low-energy neutrons are handled in MICAP routines. For low-energy

neutrons, the total cross section is given by MICAP and if the neutron interaction

is chosen by GEANT tracking routine, MICAP reads the cross-section for neutron

interactions processes, samples and generates the interaction and returns the sec-

ondary particles (nucleons, heavy fragments, or photons) to GEANT. MICAP uses

the Evaluated Nuclear Data Files (ENDF/B-V), available at the National Nuclear

Data Center of Brookhaven National Laboratories [32].

The values for the capture cross section seem to fit very well the experimental ones,

while the intensities of the γ-rays from capture reactions do not. The INFN Bari

group modified the subprograms in MICAP adding new files with the experimental

energies of the γ-rays following neutron capture events and their relative emission

probability and creating a new subroutine which assigns to each γ-ray the right

emission probability [33].
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A.2 Program Description

The main program consists of several steps, most of them performed through calls

to GEANT subroutines. A very simplified scheme of the program is reported in the

following :

• definition of the setup geometry and materials, which consists of:

- the definition of the geometry and of the positions of the system compo-

nents;

- the definition of the tracking medium parameters;

- the specification of the elements of the geometrical setup which should be

considered as sensitive detectors, giving a response when hit by a particle;

• production of neutrons and α-particles:

- the definition of the energy of the deuteron beam;

- the correlation between the energy and the momentum of the neutrons

and the energy and the momentum of the α-particles;

- the definition of the emission position of the α-particles and the neutrons;

• tracking of each event:

- GEANT controls the propagation of each particle through the setup.

Each particle is tracked and when a sensitive detector is traversed, the

user may store any useful information in the data structure;

- reconstruction of the tracks of each event;

• storage of all the useful data in n-tuple.

Each part of the program will be extensively explained in the next paragraphs.
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A.2.1 Definition of the Setup Geometry and Materials

The experimental geometry reconstruction of the set-up shown in Fig. A.1 is ob-

tained in a 3 dimensional space (X, Y, Z).

The target is placed at the position (0, 0, 127) and the x-axis is chosen as the

deuteron beam direction.

The reaction chamber is a stainless steel sphere with 37.0 cm internal diameter and

37.2 cm external diameter, positioned at (0, 0, 127). The used composition and the

density of the stainless steel are reported in Tab. A.1 and Tab. A.4 respectively.

The 10 PPAC detectors have been simulated by 10 parallelepipeds (10×10×3 mm3)

placed inside the reaction chamber along the x-axis direction, at a distance of 7.5

cm from the target and at an azimuthal angle of 450. The α detectors are in vacuum

Fig. A.1: Experimental geometry reconstruction of the set-up.
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Stainless steel

Element proportion by weights

Si 0.011

Cr 0.20

Mn 0.019

Fe 0.67

Ni 0.1

Tab. A.1: Composition by weights of stainless steel.

Concrete

Element proportion by weights

H 0.085

C 0.20

O 0.50

Mg 0.019

Al 0.006

Si 0.017

Ca 0.171

Fe 0.002

Tab. A.2: Composition by weights of concrete.
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Soil

Element proportion by weights

O 0.512

Na 0.006

Mg 0.013

Al 0.070

Si 0.275

K 0.014

Ca 0.05

Ti 0.0045

Mn 0.0007

Fe 0.055

Tab. A.3: Composition by weights of soil.

Materials Density (gr/cm3)

soil 1.5

air 1.205E-3

concrete 2.3

stainless steel 7.87

TNT 1.654

graphite 2.265

aluminum 2.7

BaF2 4.88

Tab. A.4: Density of the materials used in the simulation.
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inside the reaction chamber.

The 10 BaF2 detectors have a cylindrical shape with a 9 cm diameter. They are

placed along the x-axis at 73 cm from the origin of the axis. The distance between

the front face of the detectors and the floor has been fixed at 68.5 cm. The detectors

are made of barium and fluorine in the ratio of 1:2, and the density of the material

is assumed to be 4.88 gr/cm3.

Also the aluminum stands of the γ-ray detector array have been taken into account

in the simulation. Two stands (2×12×90 cm3) are placed in vertical position and

one (110×12×2 cm3) in horizontal position. The horizontal stand has been provided

with 10 holes for the insertion of the γ-ray detectors.

The floor has been simulated by a large box of concrete, with the typical composi-

tion and density of standard concrete reported in Tab. A.2 and in Tab. A.4.

The soil volume has been simulated by a box with dimensions 100×100×60 cm3

filled with a mixture of atoms reported in Tab. A.3. The composition and the den-

sity of the soil corresponds to the average over some typical soils.

The shape, the position and the composition of the sample (i.e. graphite, TNT,

etc.) have been modified according to the requirements of the simulations.

The sensitive elements are the 10 BaF2 detectors and the 10 PPAC detectors.

A.2.2 Production of Neutrons and α Particles

In order to simulate the energy of the deuterons interacting with the tritium target,

two important points have to be taken into account:

- as reported in Fig. 2.4, the energy of deuterons after the 19.5 mg/cm2 tantalum

foil is centered at about 280 keV with an energy dispersion of some hundred

of keV [FWHM].

- as reported in Fig. 1.2, the maximum of the cross section for the T(d, n)4He

reaction is reached at the deuteron beam energy of about 110 keV and then

the cross section decreases with further increase of the deuteron beam energy.
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The distribution of the cross section as a function of deuteron energy can be

approximated to a Landau distribution.

To simulate the energy of a deuteron after the tantalum foil, a random number Etan
d ,

following the distribution shown in Fig. A.2, has been extracted. The deuteron

with energy Etan
d enters in the TiT target and, interacting with the titanium atoms,

degrades its energy from Etan
d to 0 MeV. Decreasing its energy, the deuteron has

different probabilities to interact with the tritium in the target and to produce the

neutron and the associated α particle, according to Fig. 1.2. We assume that a

1000 keV deuteron has 100% probability to interact with tritium. The integral

from 0 MeV to Etan
d of the curve shown in Fig. A.3 provides the relative probability

for the Etan
d deuteron to interact with tritium. In order to take into account the

different probability of interaction of the deuterons, which will determine the depth

of the interaction and the kinematics of the reaction, a random number ET
d has

been extracted from the probability function given by the Landau distribution, and

then it has been compared with Etan
d . If ET

d is smaller than Etan
d , the interaction
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Fig. A.2: Simulated energy of deuterons after the 19.5 mg/cm2 tantalum foil.
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Fig. A.3: Simulated event distribution that follows the D+T cross section as a

function of the deuteron energy.

energy of the deuteron results to be ET
d , otherwise the program rejects the event and

extracts two more random numbers ET
d and Etan

d . In rejecting the events, we take

into account the different probabilities of interaction of deuterons. The distribution

of the energy of the interacting deuterons Ed, generated with such a procedure, is

shown in Fig. A.4.

The momentum of the neutron produced in the T(d, n)4He reaction can be calculated

from the following formula:

pn =
−
√

2MdEd
cos(θnd)
Mα

+
√

2MdEd
cos2(θnd)
M2
α
− 2( 1

Mn
+ 1

Mα
)(−Qvalue − Ed + MdEd

Mα
)

1
Mα

+ 1
Mn

where

• Qvalue = 17.59 MeV is the Q-value of the T(d, n)4He reaction;

• Ed is the energy of the deuterons;

• Md = 1.8756 GeV/c2, Mα = 3.7274 GeV/c2, Mn = 0.93956 GeV/c2 are the

masses of the deuteron, the α-particle and the neutron;
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Fig. A.4: Distribution of the energy of the simulated deuterons interacting with

tritium.

• θnd is the angle between the neutron and the deuteron, which results to be

cos(θnd) = cos(φ) sin(θ), where φ and θ are the azimuthal angle and the polar

angle respectively.

The three components of the momentum of the neutron are pn = (pn,x, pn,y, pn,z)

= (sin(θ) cos(φ), sin(θ) sin(φ), cos(θ)). For each neutron, the program generates

an α-particle, with momentum components correlated to the neutron ones by the

following relation: pα = (
√

2MdEd - pn,x, - pn,y, - pn,z). The angle between the

neutron and the α-particle is determined by the first component of the momentum

and, obviously, it depends on the deuteron energy.

The neutrons and the α-particles are generated on an elliptical surface, shown in

Fig. A.5, placed at 450 with respect to the beam direction. The projections of this

surface on yz and xy planes are circles with a 7 mm diameter. As can be seen in

Fig. A.6, the emission of the neutrons and the α-particles is almost uniform on the

whole surface.
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Fig. A.5: Position of the emission of neutrons and α-particles.
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Fig. A.6: Distribution of neutrons generated in the target position.
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The emission angle of the simulated neutrons has been set in order to hit the γ-ray

detectors, the aluminum stands, the soil and the sample (θ = 1100-1600 and φ =

360-1440).

A.2.3 Tracking of the Particles

In GEANT tracking a particle through a geometry of objects consists in calculating

a set of points in a seven dimensional space (x, y, z, t, px, py, pz) which defines

the trajectory of the particle. This is achieved by integrating the equations of

motion over successive steps from one trajectory point to the next and applying

corrections to account for the presence of matter. The tracking package contains a

subprogram which performs the tracking for all particles in the current event and for

the secondary products which they generate, plus some tools for storing the space

point coordinates computed along the corresponding trajectories [31].

We have then reconstructed the tracks of each event in the γ-ray detectors.

A.2.4 Storage and Analysis of Data

The information about the time of flight of γ-rays and neutrons entering in the γ-ray

detectors and about the energy released from γ-rays inside each γ-ray detector have

been stored in a n-tuple with 22 parameters. For each event the identification num-

ber of the α-particle detector hit by the α-particle and the number of the generated

event have also been stored in the n-tuple.

All the n-tuple have been converted into root files and analyzed with the ROOT

package [34].

By using the information stored in the n-tuple the coincidence between α-particle

detectors and γ-ray detectors can be required. Conditions on γ-ray energy spectra

and on time spectra can also be set.

Six dual CPU PC’s (Linux), belonging to ALICE-Padova Farm, have been used to

perform the simulations. 36 sets of 106 events have been generated for each simula-

tion run. The time needed for a complete simulation run is of the order of 4-5 hours.
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Taking into account the solid angle covered by the simulated neutrons, a simulation

run corresponds to a measured run of about 400-500 s with a neutron flux of about

106 neutron/s over 4π.

Some results from Monte Carlo simulations are reported in Chapter 3. The com-

parison between the simulated and the measured energy spectra, obtained with the

graphite sample positioned under a given detector, is shown in Fig. A.7. Both the

spectra are background subtracted and have been obtained by selecting a given γ-ray

detector, the correlated pads and a proper window on the time spectrum. In order

to take into account the energy resolution of our BaF2 detectors, the content of each

bin of the simulated energy spectrum has been randomized on the neighbouring bins

according to a gaussian distribution.

When a neutron interacts with the BaF2 detector, it can produce different radia-

tions according to the open reaction channels, such as γ-rays from (n, n’γ) and (n,

γ) reactions, protons from (n, p) reactions, etc. or it can loose part of its energy by

elastic and inelastic scatterings with Barium and Fluoride nuclei. Our simulation

code doesn’t have the response function of the BaF2 scintillator for protons, α par-

ticles and the ions produced in the reactions. Consequently the energy spectrum of

the neutrons interacting with the detector has not been reconstructed.
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Fig. A.7: Simulated (top panel) and measured (bottom panel) energy spectra, ob-

tained with the graphite sample positioned under a given BaF2 detector.
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