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Streszczenie
Motywacj¡ przedstawionej pracy doktorskiej jest przeprowadzenie bada« nad

nowymi technikami oraz materiaªami scyntylacyjnymi do detekcji promieniowania charak-

terystycznego powstaªego w wyniku fotorozszczepienia materiaªów j¡drowych (zarówno

rodnych jak i rozszczepialnych), jako jeden z celów nierozprzestrzeniania materiaªów

rozszczepialnych i bezpiecze«stwa wewn¦trznego. Fotorozszczepienie materiaªu

j¡drowego polega na jego wzbudzeniu za pomoc¡ wysokoenergetycznych fotonów o

energii powy»ej 6 MeV. Wzbudzone j¡dro rozpada si¦ na dwa fragmenty (produkty

fotorozszczepienia) po czasie 10−15 s, jednocze±nie emituj¡c natychmiastowe promienio-

wanie w postaci neutronów i promieniowania γ. Ponadto, wzbudzone j¡dra atomowe

ulegaj¡ rozpadowi β−, emituj¡c neutrony opó¹nione z czasem poªowicznej emisji od

kilkuset ms a» do okoªo minuty, a tak»e opó¹nione promieniowanie γ. W rozprawie

doktorskiej zawarto dokªadn¡ analiz¦ linii γ emitowanych z materiaªu rozszczepialnego

(100 g U, wzbogaconego do 93% 235U) po na±wietleniu fotonami o energii maksymal-

nej 15 MeV z akceleratora liniowego (LINAC). Co wi¦cej, wykonano po raz pierwszy

pomiary wydajno±ci detekcji pr¦dkich neutronów z 252Cf za pomoc¡ scyntylatorów zaw-

ieraj¡cych 19F, takich jak EJ-313 oraz BaF2, stosuj¡c metod¦ aktywacji progowej (ang.

Threshold Activation Detection - TAD). Powy»sze scyntylatory zostaªy zastosowane

do detekcji natychmiastowych neutronów powstaªych w wyniku fotorozszczepienia ma-

teriaªu j¡drowego. W ramach pracy doktorskiej, pomiary przeprowadzone zostaªy w

NCBJ oraz w CEA LIST w Saclay we Francji. Ponadto, wytworzono caªkowicie nowy

scyntylator plastikowy na bazie penta�uorostyrenu (F-plastic). Zawarto±¢ �uoru w

tym scyntylatorze wynosi 3,73 Ö1022 atomów/cm3 i jest to obecnie najwi¦ksza ilo±¢

atomów �uoru, jak¡ udaªo si¦ uzyska¢ w przypadku scyntylatora plastikowego. Celem

produkcji takiego scyntylatora jest znalezienie alternatywy o dobrym stosunku ceny do

wydajno±ci na neutrony na ªatwopalny i toksyczny ciekªy scyntylator �uorokarbonowy

EJ-313, który posªu»yªby do rejestracji natychmiastowych neutronów technik¡ TAD z

fotorozszczepienia materiaªu j¡drowego.
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Abstract
The motivation of this PhD dissertation is the research of novel techniques and scintil-

lation materials for photo�ssion signature detection from nuclear materials (both fertile

and Special Nuclear Materials (SNM)), as an element of non-proliferation and safety.

Photo�ssion relies on the �ssion of heavy nuclei using photons carrying energy above 6

MeV. The induced heavy nuclei decay into two fragments (photo�ssion products) and

then, within 10−15 s, prompt radiation in the form of neutrons and γ-rays are emitted.

The photo�ssion products undergo the β− decay, emitting delayed neutrons with a half-

life from hundred ms up to about one minute and delayed γ-rays, as well. The PhD

dissertation contains precise analysis of γ lines emitted from SNM (100 g U, enriched

to 93% 235U) excited by high energy Bremsstrahlung photons with energy endpoint

of 15 MeV, produced by a linear accelerator (LINAC). For the �rst time, the e�ciency

of fast neutron detection from 252Cf with scintillators containing 19F, such as the �uoro-

carbon EJ-313 and BaF2, was measured using a Threshold Activation Detection (TAD)

technique. Next, the above mentioned scintillators were applied to the detection of

prompt neutrons from photo�ssion of nuclear materials. The measurements were car-

ried out at NCBJ and CEA LIST, Saclay, France. Furthermore, a new type of plastic

scintillator based on penta�uorostyrene was developed (F-plastic). The amount of �uo-

rine is about 3.73 Ö1022 F atoms/cm3 and currently it is the highest amount of �uorine

atoms obtained for plastic scintillators. The F-plastic is considered a cost-e�cient alter-

native to liquid �uorocarbon scintillators, such as the toxic and �ammable EJ-313, also

possible to use in TAD technique for prompt neutrons detection from nuclear materials.
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Chapter 1

Introduction

Nuclear �ssion is a nuclear reaction in which a heavy atomic nucleus

(A > 200) splits into two lighter nuclei. This type of reaction is known as binary

�ssion. Much more rarely, in 0.2 - 0.4 % of events, the �ssion can lead to decay into

three fragments; this type of reaction is called ternary �ssion. In the two-fragment

decay, the mass distribution of the heavier and lighter nuclei, created due to disinte-

gration, is slightly di�erent for each type of heavy atom. Disintegration is associated

with the release of huge amount of energy, which is about 200 MeV per one event. The

�ssion process is especially associated with the very heavy nuclei, which comprise more

neutrons than protons. It can occur either spontaneously or due to inducing the nuclei

using high energy photons or neutrons (fast or thermal, depending on the induced nu-

clear material) as well as heavy ion. The �ssion results in the emission of prompt and

delayed radiation, which takes a signi�cant amount of energy. The former is emitted

within 10−14 - 10−15 s, the latter are emitted some time after disintegration.

Nuclear �ssion phenomenon was discovered in 1938 by Lise Meitner, her nephew

Otto Frisch and two radiochemists: Otto Hahn and Fritz Strassman [1]. Hahn and

Strassman introduced the term "uranium �ssion" for the �rst time. Lise Meitner was

the �rst who used the term "nuclear �ssion" and correctly interpreted the results pre-

viously obtained by Hahn [2]. Fission was observed due to the bombardment of the

uranium sample with neutrons and the registration of barium nuclei. Hahn received

the Nobel prize in 1944, but, unfortunately, the committee omitted the contribution

1
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of Lise Meitner to this discovery. In fact, some historians believe that Meitner should

have been awarded the Nobel prize together with Hahn.

On the basis of the liquid drop model of atomic nucleus, few groups from scienti�c

laboratories predicted the photo�ssion process [3, 4]. Feenberg concluded that the en-

ergy required to enable the uranium isotope to pass through the potential energy hill

was relatively low (only a few million volts). He calculated that nucleus deformation

parameter 2Es/Ec was equal to 1.20 for the 238U, where Es and Ec stand for surface and

Coulomb contribution in the drop model, respectively. This means that if the surface

barrier Es is low, then the additional energy provided to the Coulomb contribution Ec

- by γ-rays or particles - may overcome the surface potential Es and, �nally, result

in �ssion of the nucleus. Thus, natural uranium and other heavy nuclei could easily

become �ssile after interaction with high-energy γ-rays or particles.

Three years later, in 1941, Haxby et al. measured thw photo�ssion signatures from

uranium and thorium [5]. Photo�ssion was observed due to irradiation of the samples

with 6.1 MeV γ-rays from �uorine-based target (CaF2 and AlF3 metals) bombarded

with protons having an approximate energy of about 3.5 MeV. The photo�sson products

from the irradiated uranium foil were registered by ionization chamber and visualized

on oscilloscope, 41 �ssion events were observed during a 295 s measurement run at a

geometrically solid angle of 1.31%. In this paper [5], the number of �ssions per unit of

γ-ray intensity was measured with a Geiger counter. The proton energy was 3.4 MeV

at a beam current of 0.5 µA.

The discovery of neutron �ssion opened the way not only for the development of

nuclear power plants, but also for a nuclear weapon. On August the 2nd, 1939, Leó

Szilárd - Hungarian�American physicist - wrote a letter of caution and persuaded Ein-

stein to sign it and forward it to US President, F. D. Roosevelt. The letter contained

the information that Germany could have the knowledge and capability to produce a

nuclear bomb. This led to the establishment of the US Manhattan Project in 1942, on

which Meinter refused to work. The Manhattan Project led to development of the nu-

clear bombs. Two of them were dropped on Hiroshima and Nagasaki in 1945, resulted

in death toll of several hundred thousands people.

In the present day, in order to induce photo�ssion of nuclear materials, high energy
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linear accelerators (LINACs) are used, o�ering the dose rate of several Gy Ö min at 1

meter and energies of Bremsstrahlung photons reaching even 30 MeV at the endpoint

energy, e.g. the LINAC at Intense Resonance Neutron Source (IREN) in Dubna, Russia.

This LINAC is used as a time-of-�ight, high resolution neutron spectrometer [6]. For

safety reasons, only the LINAC o�ering the Bremsstrahlung endpoint energy at 9 MeV

can be applied to border monitoring. On the one hand, Bremsstrahlung photons of high

energy from the LINAC are very penetrative and large amounts of photoneutrons are

also produced, on the other hand. Speci�cally, photoneutrons can be a serious problem

in medical applications, because they can cause secondary cancers for patients and also

expose hospital sta� to deactivation γ-rays after the irradiation. All nuclear materials

can undergo photo�ssion after irradiation with high energy photons of above 6 MeV. In

general, the LINAC-based approach can be applied in many �elds of industry, such as:

1. Homeland Security and border monitoring, for non-intrusive inspection (NII) of

cargo containers aiming at the prevention of illicit tra�cking of nuclear materials

- this �eld of application will be thoroughly discussed in this dissertation.

2. Application in the transmutation of nuclear materials for �ssion of long living

nuclei into those having a shorter half-life [7].

3. Characterization of bulky nuclear waste packages in order to classify the storage

method [8].

4. Fundamental physics, such as the above mentioned IREN source [6].

The �ssionable materials (named also nuclear materials) are divided into two categories:

1. Fertile materials - 234U, 238U or 232Th can be classi�ed as natural fertile materials.

In general, they are nuclei capable of undergoing �ssion - even with low probability

- after capturing a high energy neutron. They are unable to undergo �ssion by

slow neutrons and are not capable of sustaining a nuclear �ssion chain reaction.

Their reaction cross section becomes signi�cant for the neutrons carrying the

energy above 1 MeV, and thus, cannot be used for the critical mass in a nuclear

bomb. According to the International Atomic Energy Agency (IAEA) glossary,

the above mentioned materials are Indirect Use Nuclear Materials. The amount
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of 10 t of natural 238U or 20 t of the depleted 238U or 232Th are considered to be

a "Signi�cant Quantity" from the point of view of security aspects. Moreover, 75

kg of U enriched to below 20% is also considered to be an Indirect Use Nuclear

Material.

2. Fissile materials (known as Special Nuclear Materials (SNM)) - these materials

are a subset of the �ssionable materials. Due to the signi�cant �ssion cross section

(582 b for 235U, according to [9]) and the capability of sustaining a nuclear �ssion

chain reaction with neutrons of any energy, they can be used as a material creating

the critical mass in a nuclear bomb. It is worth pointing out that about 50 kg of

highly enriched uranium is su�cient to produce a nuclear bomb (the enrichment

value of 80% is considered military grade). Thus, particular monitoring of such

materials is strictly required in order to prevent their illicit tra�cking. According

to the IAEA speci�cations, 25 kg of 235U (enriched to above 20%), 8 kg of 233U

or 8 kg Pu (less than 80% of 238Pu) are assigned as a "Signi�cant Quantity" of

the SNM and are considered to be Direct Use Nuclear Materials.

Since 11 September 2001, when the World Trade Center accident took place, the

term "terrorism" has become more important than ever before. The act changed the

world and accelerated further investigation in the �eld of Homeland Security and border

monitoring in order to �nd an e�cient and precise way of identifying possible threats,

such as the illegal transfer of drugs, explosives, chemical weapons, radioactive and nu-

clear materials through the border via trucks, ports and airports.

The motivation of this PhD dissertation is the investigation of novel techniques and

scintillation materials for photo�ssion signatures detection from nuclear materials, as

an element of non-proliferation. The current political situation, especially the uncon-

trolled establishment of the Islamic State of Iraq and the Levant (ISIS), requires that

we pay particular attention to this aspect. As an example, in 2014 several kilograms

of uranium were stolen in Mosul city, Iraq [10]. Thus, the interest in the illegal pos-

session of such a material is observed. Although small quantities of nuclear materials

are useless and production of a nuclear bomb is an exceptionally complex problem, the

above mentioned topic should not be ignored. Moreover, additional potential risk is

related to the production of dirty bombs (radiological dispersal devices (RDD)), which
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are based on conventional explosives coupled to nuclear material. Such types of bombs

are impractical for several reasons: due to the long half-life of nuclear materials and

some radioactive materials the environmental contamination would be rather low. Nev-

ertheless, fear generated in the community after such an attack could be a real problem

- thus, some people call such a bomb "psychological". In the case of measurable ra-

dioactive contamination, removal of local construction materials could be required and

this could then be exceptionally expensive. The most critical case related to the theft of

the radioactive material (137Cs) from a hospital occured in Goiânia city, Brasil. During

the theft the 137Cs source had an activity of 50.9 TBq and was transferred between

many people. After this accident 4 people died and 22 were exposed to the risk of loss

of life or health. A few buildings had to be demolished due to the contamination. It

was the most serious radiation accident related with improper storage of a radioactive

material.

This PhD dissertation describes techniques applied to the detection of nuclear mate-

rials at the borders, including delayed [11] and prompt radiation detection. An impor-

tant part of the work was aimed at the precise characterization of decay chain γ-rays at

an EAGLE array [12] and delayed γ-rays emitted from a 100 g uranium rod (enrichment

of 93%) in the energy range from 0.25 MeV to 4 MeV [13]. Particular e�ort was put into

prompt neutrons detection by means of the threshold activation detection (TAD) tech-

nique with organic and inorganic scintillators [14]. Moreover, in collaboration with CEA

LIST, Saclay, France, a novel plastic scintillator based on penta�uorostyrene (C8F5H3)

was developed, containing a large amount of �uorine (3.73 Ö1022 F atoms/cm3) [15],

which can be considered for detection of prompt photo�ssion neutrons by means of

�uorine activation. Additionally, it is highly probable that this is the densest plastic

scintillator ever produced (density of 1.56 g/cm3), even denser than the plastic scin-

tillators based on bismuth, reaching up to 1.40 g/cm3 [16]. This is due to the lower

availability of the Bi doping in the scintillator base solution (about 17% by weight).

Details about the conducted work are presented in Chapters 3-6. Summarizing conclu-

sions were introduced in Chapter 7. In order to familiarize a reader with abbreviations,

the Glossary, Chapter 8, was introduced. During the PhD dissertation several scien-

ti�c programs were realized, which I gratefully acknowledge in Chapter 9. Currently,
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within the C-BORD project in the frame of Horizon 2020 Program (accepted by the

European Commission, stared at 06.2015), an advanced system for a threat detection

will be developed. The National Centre for Nuclear Research (NCBJ) participates in

this project in development of a novel system for nuclear material detection by means

of prompt neutron registration. The work performed in this PhD dissertation provided

strong background in this �eld, which resulted in participation in further development

of nuclear materials detection techniques in the C-BORD project.



Chapter 2

Photo�ssion physical processes and

�ssion signatures of nuclear materials

2.1 Neutron �ssion and photo�ssion signatures of nu-

clear materials

Detection of nuclear materials potentially hidden inside bulk cargo requires an e�-

cient method which can unequivocally detect the signatures of the material's presence.

Naturally emitted radiation from nuclear materials, while abundant, has rather low

energy and can be easily shielded. Thus, the detection e�ciency of passive methods are

becoming insu�cient. Therefore, active inspection methods are emerging as e�cient

solutions for nuclear materials detection with the use of a penetrating radiation, such

as neutrons, photons or other particles [17]. Fortunately, nuclear materials exposed to

�ssion-inducing radiation yield very unique and often strong characteristic signatures.

Some of the most important photo�ssion signatures are delayed γ-rays and neutrons as

well as prompt signatures, emitted in the range of femtoseconds after the �ssion, such

as neutrons and γ-rays. They vary signi�cantly in magnitudes, signal-to-noise ratio,

attenuation in various shieldings and applied methods of detection. As an example,

delayed γ-rays have a high emission factor. However, delayed γ-rays posses drawbacks

such as a signi�cant contribution of low energy photons overlapping with a strong natu-

ral background and the fact that γ-rays can be emitted from other activated materials.

7
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Moreover, strong contribution can rise from scattered photons generated on LINAC

tungsten converter. On the other hand, delayed neutrons are very unique signatures,

but are scarce, have low abundance and carry a low amount of energy, thus, they can be

easily attenuated in low-Z content of a cargo container. Fission speci�c signatures will

be described in the Subsections 2.1.1, 2.1.2, 2.1.3 and 2.1.4. They are the consequence

of a nuclear �ssion reaction induced by Bremsstrahlung photons or neutrons. After

the absorption of the probing radiation the nucleus is highly excited, it then splits into

two nuclei having di�erent atomic masses (A) between 80 - 160 [18,19]. The fragments

separate and �y-apart after ∼ 10−15 s, but before this occurs, they are "glued" by their

nuclear mass, which releases part of the excitation energy by the emission of prompt

neutrons and γ-rays. These �ssion fragments are unstable and undergo β− decay, emit-

ting characteristic γ-rays till the last nucleus in the β-decay chain reaches a stable state.

Depending on the nucleus, the deexcitation time varies from nanoseconds up to many

hours, as presented in [13]. In a few cases - when the excitation energy is especially high

- the nucleus can emit not only a delayed γ-ray, but also a so-called delayed neutron.

A simpli�ed scheme of the �ssion process is shown in Figure 2.1.

Figure 2.1: Schematics of the �ssion process [17].
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The key parameter for the �ssion-based inducing technique is the �ssion cross section

(expressed in barns, where 1 b = 10−24 cm2), responsible for the interrogation rate

e�ciency. It depends on the probing radiation used in order to induce the �ssion

process in nuclear materials. The �ssion cross section varies from 600 b for the thermal

neutrons, a few hundred barns for the resonance region between 0.4 - 10 keV, and 1.2

b for �ssion neutrons of 2.2 MeV energy. Cross sections for the photo�ssion process are

much lower than that of neutrons, although the Bremsstrahlung �ux from a LINAC

is usually 5-6 orders of magnitude higher than the neutron �ux from D+T and D+D

neutron generators. Typically, the photo�ssion cross section is 0.001 b for 6 MeV and

rises with the energy to about 0.1 b for 10 MeV Bremsstrahlung photons. Neutron

induced �ssion and photo�ssion cross section scheme is shown in Figure 2.2. The cross

section for materials present in the environment is presented in Figure 2.3.

Figure 2.2: The cross section for �ssion and photo�ssion of 235U, taken from [17].

Besides �ssion speci�c signatures, non-�ssion speci�c signatures are also available

in order to detect or characterize nuclear materials:

1. Detection of γ-rays, originated from nuclei decaying along the speci�c decay chain,
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Figure 2.3: The cross section for �ssion and photo�ssion of 235U as well as for reactions
with elements present in environment, taken from [17].

detected with use of high resolution detectors, such as high-purity germanium

(HPGe) [8,13]. These γ-rays can be also detected with plastic scintillators, show-

ing the excess of events over natural background.

2. X-rays scattering on nuclei having a high atomic number (Z). Detection is based on

use portals or cars with installed pencil-beam X-ray lamps. The X-rays backscat-

ter on an inspected object, then, basing on the scattering angle and photon energy,

it is possible to reconstruct the image with use of advanced algorithms. For ex-

ample, this technique was applied in the Z-Backscatter Van (ZBV), o�ered by the

American Science & Engineering (AS&E) company [20].

3. Muon tomography, based on the detection of muons passing through some layers

of scintillators (usually plastics), providing information about angular distribution

and position of the interaction. Finally, knowing the initial angular distribution of

the muons before scattering on the materials inside an inspected cargo container, it

is possible to determine the scattering angle by the �nal layer of the scintillators
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and perform an image reconstruction of the cargo content [21]. Currently the

method o�ers rather poor energy resolution in comparison with the X-ray imaging

and the time required for the inspection is relatively long.

4. Nuclear Resonance Fluorescence (NRF) - is a nuclear process in which the nucleus

absorbs high energy γ-rays, resulting excitation of the nucleus. Then, the nucleus

releases a cascade of discrete γ photons, which are characteristic for a speci�c

nucleus. As a source of high energy photons, a LINAC emitting Bremsstrahlung

photons or laser Compton scattered (LCs) γ-rays can be used. The latter tech-

nique was proposed by [22] and further evaluated by [23] and [24] for the char-

acterization of spent fuel. Thanks to the very good energy resolution of the

scattered γ-rays exciting the analyzed nuclear material, the material emits very

characteristic cascades of γ-rays to the ground state, which are recorded with

HPGe detectors.

The high energy photons are obtained from a LINAC conversion target (usually

tungsten (W) or tantalum (Ta)), which is bombarded by electrons of �xed energy in

the range of several MeV. The energy loss of electrons on the conversion target results

in emission of the Bremsstrahlung photons. As showed in Figure 2.4 [25], the energy

Figure 2.4: Distribution of Bremsstrahlung photons as a function of electrons [25].
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distribution of the Bremsstrahlung photons is a continuum, with the photons energy

endpoint close to the energy of electrons hitting the conversion target. As showed in

Figure 2.5, the photo�ssion of nuclear material can occur only between the reaction

threshold Ethr and the Bremsstrahlung photons energy endpoint Emax.

Figure 2.5: Scheme of e�ective energy region, in which the induced nuclear material
can undergo photo�ssion, based on [25].

2.1.1 Delayed γ-rays

The delayed γ-rays, emitted from �ssionable materials, are very �rm signatures

indicating their presence in bulk cargo, especially for unshielded nuclear material. Cur-

rently two methods can be considered for the excitation of suspected material and the

emission of delayed γ-rays. The method based on a LINAC emitting Bremsstrahlung

radiation with an endpoint of 9 MeV as well the method called di�erential die away anal-

ysis (DDAA), requiring a deuterium-deuterium (D+D) or deuterium-tritium (D+T)

neutron generator, depending on the application, can be considered for detection of

special nuclear materials at the border [26]. The dissertation will be focused solely on
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the former method, the latter will be shortly described in this Chapter. The DDAA

method for delayed γ-ray detection is based on a D+D neutron generator working

in pulse mode, emitting neutrons with E = 2.5 MeV, respectively, due to the fusion

reaction. The neutrons have to be thermalized in order to induce Special Nuclear Ma-

terial (SNM), which possess a high cross section for neutrons with a thermal energy of

about 0.025 eV. Thus, either the cargo content must be hydrogenous or the neutron

generator should be covered by high density polyethylene (HDPE) or a similar hydroge-

nous material working as the neutron moderator. The thermalized neutrons, reaching

the inspected cargo and its content, can induce the potentially hidden SNM, which

undergoes �ssion, and then, emits characteristic radiation, including delayed γ-rays.

Compared to delayed γ-rays, the population of neutrons from the neutron generator

decays much faster, allowing their measurements between neutron beam pulses, many

milliseconds after shut o� of the interrogation beam, when the γ-rays from the ther-

mal neutron capture disappear. However, between the beam pulses, natural radiation

and that emitted from cargo constitutes the main source of background radiation. The

thermalized D+D generator is recommended for this application in order to avoid the

activation of 16N and other elements. Measuring the delayed γ-rays of energy above 3

MeV still provides one of the most e�cient means for SNM detection [17].

The emission time of the delayed γ-rays from �ssion fragments varies signi�cantly -

from µs to many hours - however, the averaged half-life of emission was estimated to be

30 s for 235U and 239Pu and 80 s for 238U [17]. Walton et al. reported in [27] the abso-

lute intensities of early delayed γ-rays (emission time between 1.0× 10−5 and 7× 100 s

and energy Eγ>0.511 MeV) for 235U, 238U and 232Th. The estimated absolute intensity

Iγ del, described in γ photons/(�ssion × s), is presented in Table 2.1.

Table 2.1: Absolute intensities Iγ del of early delayed γ-rays for Eγ > 0.511 MeV, ac-
cording to [27]. Details were described in the text.

Emission time Iγ del(238U) Iγ del(235U)
7 µs− 7s 2.86 1.25
0.1 s - 7 s 2.71 1.11
< 1 ms 0.04 0.09
< 10 ms 0.06 0.11
< 100 ms 0.21 0.15
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The results presented in Table 2.1 showed that the delayed γ-rays are rather abun-

dant and can be detected by large volume organic, inorganic scintillators and HPGe

detectors. Photo�ssion delayed γ-rays detection is an e�cient means of revealing nu-

clear material in cargo equipment. The technique is more e�cient when the nuclear

material is unshielded with high-Z materials due to the low attenuation of the γ-rays

in low-Z materials, like polyethylene (PE), water, wood or textiles. Moreover, it can

also be the cheapest solution applied to detect them due to the fact that even low-cost

plastic scintillators can be successfully applied for delayed γ-rays detection. For high

precision measurements, like the estimation of material composition, fundamental re-

search, and the scanning of bulky nuclear waste packages, the best solution is a high

purity germanium detector (HPGe) due to its outstanding energy resolution of about

2.1 keV at 1333.5 keV emitted from 60Co, which is unreachable even with the best inor-

ganic scintillators, such as LaBr3:Ce [28]. However, due to the required cooling of the

HPGe to the liquid nitrogen (LN2) temperature, its application for border monitoring

is more complex than the solution based on scintillation detectors. According to [29],

the estimated number of delayed γ-rays per �ssion is 7 and is signi�cantly greater than

the number of delayed neutrons per �ssion event, which is around 0.01.

2.1.2 Delayed neutrons

Delayed neutrons are the most unique signatures of nuclear material presence. Ex-

cepting a very few types of reactions, like 17O(n,p)17N with neutron energy threshold

of 10.4 MeV or 18O(γ,p)17N for electromagnetic photon energy of 15.9 MeV there is no

other source of delayed neutrons. The latter reaction yields a delayed neutron with a

half-life of 4.1 s and can be observed only in a laboratory-grade LINAC facility oper-

ating with very high Bremsstrahlung photon energy. Such (γ,n) reactions will not be

observed at the border-grade facility due to lower energy of Bremsstrahlung radiation

applied. The easiest method of delayed neutron detection is based on the use of 3He

gaseous detectors due to the high cross section for neutrons of low energy and low

sensitivity to γ radiation. More details concerning the measurement method will be

presented in Chapter 5. The 3He gaseous detector was used for the �rst time for the

detection of delayed neutrons from �ssion by Batchelor et al. [30]. An example of the
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Figure 2.6: An example of the 252Cf spectrum recorded with a 3He detector.

3He response to neutrons from a 252Cf source is shown in Figure 2.6.

Particularly, delayed neutrons were extensively studied during the US. Manhattan

Project (1942-1946). For the �rst time, their half-lives, energies and yield divided into

several groups were shown in 1948 by Hughes et al. [31] for 235U. Further study was per-

formed in order to gather more detailed information about the energy distribution [32].

Measurements showed that delayed neutrons can carry energy of up to 2.4 MeV, how-

ever, their intensity in this range of energy is around 200 times lower than that with

energy of around 0.5 MeV. In order to register the delayed neutrons, a cloud chamber

registering recoiled protons was applied. Only the energy distribution of neutrons above

300 keV was plotted because the track of the recoiled protons was too short to provide

reliable results. In this reference, the mechanism of the delayed neutrons emission was

described as well.

The delayed neutrons are emitted after �ssion or photo�ssion in the following pro-

cess: the �ssion fragment (precursor) ZAB, which undergoes β− decay to Z+1
AC (neutron

emitter), leaves the emitter in either the ground state or in one of the excited states.
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If the Z+1
AC nucleus is in the excited state above the neutron separation energy En,

delayed neutron emission occurs resulting in the �nal excited nucleus Z+1
A−1D. An ex-

ample of the decay scheme was shown in Figure 2.7. As reported in [33], many delayed

neutrons precursors with 27<Z<63 have been identi�ed.

The delayed neutrons emitted from nuclear materials due to photo�ssion usually

carry an energy between 0.25 - 0.62 MeV [31]; their half-lives can be divided into sev-

eral groups, as showed in Table 2.2 taken from [34]. The νda stands for the number of

delayed neutrons emitted per 100 photo�ssion events, βci for the intensity for selected

group. In the Ref. [34], the samples were irradiated with 15 MeV Bremsstrahlung pho-

tons obtained from a betatron, when the irradiation was �nished, the sample 232Th,
238U, 235U, 239Pu were transported within 0.1 s to the measurement site with a neutron

detector.

Figure 2.7: Decay scheme showing the �ssion fragment Z
AB (precursor) decaying to

excited Z+1
AC nucleus (neutron emitter). The Z+1

AC in the state above the neutron
separation energy En decays to �nal nucleus Z+1

A−1D by delayed neutron emission [32].

At the present times, a high pressure 3He is the most e�cient medium for photo�s-

sion delayed neutron detection. Unfortunately, due to a of 3He the prices of such

detectors have increased by a factor of 3-4 per liter 3He in the last decade. This fact

has motivated many scienti�c groups to start searching for cheaper solutions, based on
10B or 6Li. Alternatives to 3He detectors were presented in [35] and are listed below:
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� liquid or plastic scintillators containing 10B and having pulse shape discrimination

(PSD) capability for γ-ray and neutron signal discrimination [36]

� boron-coated straws (BCS) [37,38],

� BF3 proportional counters - unfortunately not widely used in Homeland Security

due to toxicity of that gas [39] and requirement of high voltage (>2000 V), which

is problematic in humid environment [40],

�
10B lined proportional counter [41],

� gadolinium glass such as gadolinium oxyorthosilicate (GSO) [42] or plastic [43],

Table 2.2: Delayed neutrons abundance and half-life times divided into groups [34].

Isotope vd
a/100 Group i T1/2 (s) βci

232Th 3.8 ± 0.6 1 55.6 ± 1.5 4.40 ± 0.20
�ssionable 2 20.3 ± 0.8 16.3 ± 1.0
material 3 5.45 ± 0.50 15.9 ± 1.5

4 1.98 ± 0.20 37.5 ± 3.0
5 0.43 ± 0.10 17.2 ± 2.0
6 0.18 ± 0.03 8.7 +2.0 -4.0

235U 0.96 ± 0.13 1 54.7 ± 2.5 5.4 ± 0.5
SNM 2 20.3 ± 1.0 20.0 ± 2.0

3 5.45 ± 0.60 15.2 ± 2.0
4 2.01 ± 0.25 36.9 ± 4.0
5 0.50 ± 0.10 13.9 ± 2.0
6 0.19 ± 0.04 8.6 +2.0 -5.0

238U 3.1 ± 0.4 1 56.2 ± 0.8 1.98 ± 0.08
�ssionable 2 21.3 ± 0.3 15.7 ± 0.5
material 3 5.50 ± 0.20 17.5 ± 0.7

4 2.15 ± 0.10 31.1 ± 0.8
5 0.70 ± 0.06 17.7 ± 0.9
6 0.19 ± 0.02 16.1 +2.0 -5.0

239Pu 0.36 ± 0.06 1 54.0 ± 3.0 6.05 ± 0.60
SNM 2 20.6 ± 1.0 20.6 ± 2.0

3 5.7 ± 0.7 18.3 ± 3.0
4 1.94 ± 0.30 29.5 ± 4.0
5 0.58 ± 0.10 14.9.± 3.0
6 0.20 ± 0.04 10.6 +2.0 -5.0
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�
6Li based detectors, for example LiCaAlF6:Eu (LiCAF:Eu) or LiCAF:Ce scintil-

lators in form of crystal [44,45] or rubber [46],

� inorganic scintillators, such as 6LiI:Eu [47] or Cs2LiYCl6:Ce (CLYC) [48],

�
6LiF/ZnS:Ag layers covering wavelength shifting (WLS) �bers [49].

From the point of view of delayed neutrons detection, the most important challenge

is to produce a detector having γ-ray absolute rejection ratio for neutrons εabs γn of

10−6 at 1.33 MeV or better in order to achieve the required low level of false alarms

for the monitoring systems [50]. Moreover, together with a good εabs γn parameter, the

neutron detector should provide considerable absolute detection e�ciency, allowing for

application in Radiation Portal Monitors (RPM).

Concerning the boron based detectors, the reaction of neutrons in 10B results in

such a reaction (2.1):

n+10 B → α +7 Li+ γ(480keV ). (2.1)

The main limitation of 10B scintillators is the low deposition energy of the reaction

products, resulting in the appearance of the deposition peak at about 60 keVee for

BC523A and 110 keVee for EJ309B5, see [36]. Moreover, in the 2D plots, the peak

appears between the structures related with γ and neutrons, as showed in Figure 2.8.

During operation with a LINAC, signi�cant amount of X- and γ-rays results in large

amount of counts in a low energy region, drastically degrading the signal-to-background

ratio of these scintillators.

The 10B lined proportional counters can also be used for neutron detection, however,

they still o�er lower absolute sensitivity than the proportional counter based on 3He,

including boron coated straws.

The solution based on thin LiCAF scintillators doped with Ce or Eu also seems

not to be useful for the delayed neutron detection due to their quite high price per

volume. Currently it is possible to obtain an �4" scintillator 1 mm thick. However, the

scintillators are still sensitive to γ radiation. Due to a thermal neutron absorption peak

appearing below <2 MeV, the detection of delayed neutrons in the presence of γ-rays
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Figure 2.8: A 2D plot of Zero Crossing time versus energy measured with �3" Ö 3"
EJ309B5 scintillator irradiated with the Pu-Be source shielded with lead and para�n
[36].

from nuclear material photo�ssion and background will hardly be possible. The same

issue occurs with the gadolinium based scintillators. The possibility of pulse shape dis-

crimination (PSD) was showed preliminarily in [44] where specially designed electronic

�lters were applied. However, the PSD capability was not observed in [45] with use

of zero-crossing technique and the later paper [46], comparing the performance of the

LiCAF scintillators in form of crystal and rubber.

Of all the available 3He-free solutions, the most robust seems to be the
6LiF/ZnS(Ag) detector [49]. The detector is based on a 6LiF and ZnS:Ag mixture

coating a plastic PVT scintillator, acting as the wavelength shifter. Such detectors are

currently manufactured by Symetrica Ltd. and Saint-Gobain, and can be o�ered in
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large sizes. For example, in 2010 R. Kouzes et al. [51] performed tests of the 1.0 m

long Ö 0.1 m wide Ö 0.2 m thick 6LiF/ZnS(Ag) detector, encased in a polyethylene

moderator. The test were based on the requirements presented in [50]. A 252Cf neutron

source was used for testing the 6LiF/ZnS(Ag) neutron detector sensitivity:

� To reduce the γ-ray �ux, the source shall be surrounded by at least 0.5 cm of

lead. To moderate the neutrons, 2.5 cm of polyethylene shall be placed around

the source.

� The absolute detection e�ciency for such a 252Cf source, located 2 m perpendicular

to the geometric midpoint of the neutron sensor, shall be greater than 2.5 cps/ng

of 252Cf [52]. 10 nanograms of 252Cf is equivalent to 5.4 micro-Ci or 2.1 Ö104 n/s,

since 252Cf has a 3.092% spontaneous �ssion (SF) branch and 3.757 neutrons/SF.

� The neutron detector shall not generate alarms due to the presence of strong

γ-rays sources. The ratio of neutron detector γ-ray detection e�ciency to neutron

detection shall be less than 0.001.

Finally, to evaluate the performance of the 6LiF/ZnS:Ag detector (and, in general, all

types of neutron detectors [50]), the following parameters are crucial to measure them:

� Absolute neutron detection e�ciency (εabs n) - de�nes the required e�ciency for

neutron detection in a speci�c geometry. It should be at least εabs n ≥ 2.5 cps/ng
252Cf at 2m for a source in a de�ned moderated form.

� Intrinsic e�ciency of γ-rays detected as neutrons (εint nγ) - it is de�ned as a

response of a neutron detector to the presence of a γ-ray �eld when no neutron

source is present. As a result, it is the net number of counts registered as neutrons,

which in fact were γ-rays, divided by the number of photons striking the neutron

detector. This reasonable εint nγ value was de�ned to be ≤ 10−6 at the exposure

of 10mR/h. With an optimized 3He detector, it is possible to obtain an εint nγ

better than 10−8.

� Gamma Absolute Rejection Ratio in the presence of neutrons (GARRn) of 0.9

≤ GARRn ≤ 1.1 at 10 mR/h dose rate. It is de�ned as the number of events
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that are counted as neutrons (εabs γn) in the presence of both γ-ray and neutron

sources, divided by the number of neutrons recorded without the γ-ray source

(εabs n).

For the 6LiF/ZnS:Ag detector designed by Symetrica Ltd., the neutron e�ciency

was estimated to be 3.5 cps/ng of 252Cf, the exposure rate of 5 mR/h under irradiation

with 60Co was obtained at 521 cm and the calculated εint nγ value was estimated to

be of the order of 10−8 for dose rates up to 40 mR/hr and was similar to that for 3He

detectors. The GARRn value for the 60Co exposure rate of 10 mR/hr was within the

desired range. Summarizing, the lithium covered zinc sul�de detectors seems to be

a very promising alternative solution for delayed neutron detection. Tests of such a

detector will be performed in the C-BORD project within the frame of a Horizon 2020

Program (accepted by EU Commission by 06.2015).

2.1.3 Prompt γ-rays

Detection of prompt γ-rays is the most demanding method of special nuclear ma-

terial detection, especially via photo�ssion with the use of a LINAC working in pulse

mode. Measurements of prompt γ-rays must be done in the �eld of interrogation radi-

ation, and even if the inspection system is based on a pulsed mode neutron generator,

the originated prompt γ-rays must be distinguished from the γ-rays emitted by the

activated background, materials inside the cargo content and the detector itself. The

inelastic scattering and neutron capture process yield γ-rays, which overlap with the

prompt photons emitted from nuclear materials. Thus, in all cases the contribution of

background to the γ energy spectrum must be taken into account.

One of the methods possible to apply for nuclear material detection is the tagged

neutron time-of-�ight (TOF) with associated particle method [53, 54]. Obviously, the

velocity of neutrons with energy below 14 MeV di�ers radically from the velocity of

γ-rays. The velocity of 1 MeV and 14 MeV neutrons is 1.4 cm/ns and 5.2 cm/ns, re-

spectively, whereas the velocity of γ-rays is 30 cm/ns. When a neutron generator can

be operated with a very short neutron emission time (range of nanoseconds), the signif-

icant di�erence in the �ight time allows the detection of the γ-rays induced by neutrons

interrogation in the cargo. When the nuclear material would be present in the inspected
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cargo, prompt γ-rays from �ssion would be emitted in the range of femtoseconds and,

in principle, can be separated from background γ-rays induced by neutrons due to their

di�erent registration times.

Prompt γ-rays are the strongest signatures of �ssion [17], per one event about 7

photons are emitted. Their average energy is about 1 MeV, however, about 3 %

of them exceed 3 MeV, which gives their count rate around 0.21 photon/�ssion, see

Table 2.3. However, due to the high complexity and the fact that the penetration of

such prompt γ-rays through the cargo container and potential nuclear material shield-

ing is comparable with the delayed γ-rays, this detection method is not common and

measurements in this matter will be omitted in the dissertation.

Table 2.3: Number of prompt γ-rays emitted due to �ssion of various nuclear materials,
according to [17].

Material Total photons per �ssion Photons per �ssion Eγ > 3 MeV
235U 6.7 0.21
238U 7.2 0.21
239Pu 7.2 0.23

2.1.4 Prompt neutrons

Particular attention should be paid to the energy and intensity of the prompt neu-

trons from �ssion and photo�ssion due to their much higher intensity and energy in

comparison with delayed neutrons. In the 60's of the previous century measurements of

the fast neutrons from spontaneous �ssion (SF) of 252Cf were performed and reported

in [55, 56]. In the Ref. [56], the average prompt neutron energy was estimated to be

2.348 MeV for SF of 252Cf. Thermal �ssion and photo�ssion can be used in order to

measure the prompt neutron energy from nuclear materials. The TOF technique was

applied in order to reject the γ-rays and neutrons emitted from LINAC or neutron

generators. Energy of prompt neutrons emitted from thermal neutron induced �ssion

varies slightly between various nuclear materials, as shown in [57].
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In the early 1960's signi�cant e�ort was also put into measuring the prompt photo�s-

sion neutrons by means of TOF technique. In 1965 Sargent et al. [58] reported the an-

gular distribution and velocity of the photo�ssion induced prompt neutrons from 232Th.

During this measurement 7.75 MeV Bremsstrahlung photons from a LINAC were used

to irradiate the sample. The energy distribution of the prompt neutrons from 232Th is

shown in Figure 2.9.

Figure 2.9: Energy pro�le of the photo�ssion induced prompt neutrons emitted from
232Th [58].

The energy distribution and the intensity of the prompt neutrons vary slightly be-

tween nuclear materials, according to [59]. The prompt neutrons mean energy and

intensity is presented in Table 2.4. The Ee is the energy of electrons emitted by a

LINAC, converted into Bremsstrahlung radiation, νn stands for the number of prompt

neutrons per �ssion. It can be seen that the number of neutrons per �ssion varies be-
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tween nuclear materials and the endpoint of Bremsstrahlung photons energy and was

estimated to be between 1.963 and 3.43.

Table 2.4: Number of prompt neutrons per photo�ssion for various nuclear materials
and electron energy converted into Bremsstrahlung, according to [59].

Ee(MeV) νn(232Th) νn(235U) νn(238U) νn(239Pu)
8 1.963 ± 0.108 2.456 ± 0.086 2.457 ± 0.088 �����
10 1.891 ± 0.111 2.697 ± 0.081 2.628 ± 0.083 3.32 ± 0.08
10.2 1.891 ± 0.111 2.612 ± 0.079 2.585 ± 0.082 3.17 ± 0.14
12 2.084 ± 0.107 2.963 ± 0.072 2.802 ± 0.078 3.43 ± 0.10

The recent results, presented in [60], showed signi�cant asymmetry of the photo�s-

sion prompt neutrons intensity measured at various angles of emission. The response

was measured simultaneously in parallel and perpendicular directions, with the use of

a half-sphere geometry of 18 neutron detectors. The beam of γ-rays of energy between

5.6 and 7.3 MeV from the High Intensity γ-ray Source (HIγS) was ideally polarized,

had high intensity ( 107 γ/s) and was nearly monoenergetic. In the case of 235U, the

intensity of the prompt neutrons depends rather slightly on the angular distribution,

whereas for 238U signi�cant di�erence was observed.

Recently the detection of prompt neutrons from photo- or neutron induced �ssion

has become the most interesting and e�cient method of concealed nuclear material

detection. There are three di�erent approaches published so far:

� Threshold Activation Detection (TAD) [61�63],

� Di�erential Die Away Analysis (DDAA) [26,64],

� Continuous Wave (CW) 9 MeV LINAC for prompt neutron detection with the

use of the neutron/γ pulse shape discrimination (PSD) technique [65].

In this dissertation particular attention will be paid to the TAD technique that uti-

lizes 6 MeV or 9 MeV Bremsstrahlung from a LINAC. Basically, the method relies on

the activation of a material by fast prompt neutrons and the recording of the appropri-

ate characteristic signatures, like γ-rays and β− particles. The characteristic signatures
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appear in a �nite time period (usually a matter of seconds) after the activation pro-

cess in order to avoid the measurement of the very intense photons �ash from LINAC.

It is even better when the activated material is a scintillator itself, because it allows

the detection both signatures simultaneously, nevertheless, other materials can be also

used as the "activator" surrounding the detector, for example, te�on (contains 19F). A

simpli�ed scheme is presented in Figure 2.10.

Figure 2.10: Simpli�ed scheme of nuclear material detection by means of TAD tech-
nique.

It is required that the chosen nuclei should have an appropriate neutron activation

threshold - it should be above 3 MeV to cut-o� the photoneutrons generated on the ele-

ments of the LINAC electron converter. The main sources of photoneutrons from cargo

content and LINAC elements are listed in Table 2.5 and Table 2.6, respectively. More-

over, the activation threshold cannot be too high in order to allow the measurement of

prompt neutrons from photo�ssion. Additionally, the excited nuclei should emit easily

detectable radiation (β− particles or γ-rays), with a suitable half-life in the range of

seconds allowing their measurements between LINAC beam pulses, and a useful cross

section for the neutron activation of about 100 mb, see Figure 2.11. The amount of hy-

drogen in the scintillator medium should also be as low as possible in order to minimize

neutron scattering resulting in energy loss below the activation threshold. According

to the [61, 62], the best candidates are 19F, 23Na and 6Li. Their half-life, energy of β−

and γ-rays emitted after activation and intensities are shown in Table 2.7.

Particularly, many commercial scintillators contain such isotopes. The inorganic

scintillators containing 19F, like BaF2, CaF2:Eu, CeF3 [66,67] as well as inorganic scin-

tillators, like �uorocarbon EJ-313 [68] (or equivalent BC-509) or �uorine-based plas-

tic [15], can be considered for this application. However, the inorganic scintillators are
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limited in size and are more expensive than the organic scintillators.

Table 2.5: Photoneutrons production threshold in cargo materials, according to [17].

Isotope Natural (γ, n) Where present
abundance (%) threshold (MeV)

2H 0.015 2.225 cargo
13C 1.11 4.947 cargo
14N 99.634 10.559 cargo
15N 0.366 10.838 cargo
16O 99.762 15.672 cargo
17O 0.038 4.144 cargo
18O 0.2 8.046 cargo
54Fe 5.845 13.38 cargo and structural
56Fe 91.754 11.119 cargo and structural
57Fe 2.119 7.647 cargo and structural
58Fe 0.282 10.046 cargo and structural

Table 2.6: Main sources of photoneutrons emitted from elements of LINAC accelerator,
according to [17].

Isotope Natural (γ, n) Where present
abundance (%) threshold (MeV)

181Ta 100 7.577 x-ray converter
180W 0.12 8.412 x-ray converter
182W 26.5 8.065 x-ray converter
183W 14.31 6.19 x-ray converter
184W 30.64 7.411 x-ray converter
186W 28.43 7.191 x-ray converter
197Au 100 8.072 x-ray converter
204Pb 1.4 8.394 x-ray shielding
206Pb 24.1 8.086 x-ray shielding
207Pb 22.1 6.738 x-ray shielding
208Pb 52.4 7.367 x-ray shielding

Moreover, BaF2 contains α particle impurities, giving excessive background in the

range of 1.5 - 3 MeV. On the one hand, this fact can be an advantage as the α peaks could
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Table 2.7: Nuclei that can be considered for TAD technique, according to [62].

Isotope Reaction Threshold T1/2 β− endpoint Intensity γ energy Intensity
(MeV) (sec) energy (MeV) (%) (MeV) (%)

6Li(n,γ)7Li Q = 7.2 Stable
6Li 6Li(n,p)6He 3.18 0.807 3.5 100

6Li(n,t)4He 0 Stable
19F(n,γ)20F Q = 6.6 11.1 5.39 100 1.63 100

19F 19F(n,p)19O 4.25 26.9 3.3, 4.6 54.4, 45.4 1.36 50.4
19F(n,p)19O 1.61 7.1 4.3, 10.4 67, 28 6.1 67

23Na(n,γ)24Na Q = 6.96 0.02 6 0.05 0.47 100
54000 1.39, 4.4 100, 0.06 1.37, 2.75 100, 100

23Na 23Na(n,p)23Ne 3.75 37.2 4.38, 3.95 67, 32 0.44, 1.64 33,
23Na(n,α)20F 4.04 11.1 5.39 100 1.63 100

Figure 2.11: Fast neutron cross-sections for threshold activation reactions in some TAD
materials, according to [61].

be used for energy self-calibration of the detector. On the other hand, the presence of

α contamination reduces the signal-to-background ratio and the sensitivity to prompt

neutrons and delayed γ-ray detection in this range of energy. Thanks to the large
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stopping power of inorganic scintillators, the mean free path of electrons (β− particles)

is much shorter. Thus, an inorganic scintillator having the same fast neutron detection

e�ciency as an organic one can have smaller dimensions. The continuous slowing down

approximation (CSDA) of the electron range in BaF2 and EJ-313 is presented in Figure

2.12 and Figure 2.13. The CSDA range is a very close approximation to the average

path length traveled by a charged particle as it slows down to rest. The mean free path

l is calculated from the Equation 2.2:

l =
R

ρ
, (2.2)

where ρ is the scintillator density and R is the particle range obtained from the value of

the CSDA range for the de�ned energy of a particle, expressed in g/cm2. Calculations

for the 10 MeV electron result in a mean free path in the scintillators medium of 13

mm and 30 mm for BaF2 (ρ = 4.88 g/cm3) and EJ-313 (ρ = 1.62 g/cm3), respectively.

The liquid EJ-313 scintillator is based on highly puri�ed hexa�uorobenzene (C6F6)

and is almost free of hydrogen, with a �uorine-to-hydrogen (F/H) ratio of about 308.

However, the toxicity of the base material and a low �ashpoint of 10� can be a seri-

ous limitation in commercial applications. The novel �uorine-based plastic, based on

penta�uorostyrene (C8F5H3), which is known to be polymerizable [70, 71], is a non-

�ammable organic scintillator possessing F/H ratio of 1.66 and containing an amount

of �uorine atoms per cubic centimeter of 3.73 Ö1022 [15], similarly to that of EJ-313.

The performance of the �uorine-based plastic scintillator will be shown in Section 6.7.

The most popular scintillation material containing 23Na is NaI:Tl, which was dis-

covered in 1949 [72] and precisely characterized in several papers [73,74]. However, the

activation threshold is higher than that for 19F and the energy of emitted β− particles is

lower, and thus, overlaps with delayed γ-rays from the photo�ssion of nuclear materials.

Nevertheless, the integration of the total number of counts above 1 MeV could show

the presence of a nuclear material, but de�nitely at a lower sensitivity than in the case

of the 19F-based scintillators.

The 6Li isotope can be present in the Li-based scintillators for neutron detection,

such as LiCaAlF6 doped with Ce or Eu (LICAF) [44�46], 6LiI:Eu [47] and Cs2LiYCl6:Ce

(CLYC) [48]. Unfortunately, such scintillators are limited in size and expensive, in ad-
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Figure 2.12: CSDA of an electron range for a BaF2 according to NIST ESTAR database
[69]. The CSDA range for a 10 MeV electron energy was indicated with the dashed lines.

dition, the β− particle deposition energy is rather low. Thus, the response from the

β− particles can be overlaid by high energy γ-rays from the nuclear material and back-

ground. Thus, the potential application of such scintillators in the TAD technique is

doubtful.

The second method of nuclear material detection, Di�erential Die-Away Analysis

(DDAA) is based on the emission of neutrons from a D+T or D+D generator working

in pulse repetition mode in order to activate the SNM inside a cargo container. The

primary neutrons are moderated inside the hydrogenous content of a cargo container and

can interact with the SNM. Then, emitted neutrons from the nuclear material moderate

again in the cargo content and will reach the detector de�nitely later than prompt γ-

rays. The time after the pulse, during which neutrons are registered, is called "die-away

time". The die-away time is the characteristic time a neutron will survive before it is
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Figure 2.13: CSDA of an electron range for an EJ-313 according to NIST ESTAR
database [69]. The CSDA range for a 10 MeV electron energy was indicated with the
dashed line.

absorbed in the thermal-neutron detector or escapes from its interior. The neutron die-

away normally ranges from 10 to 128 µs depending upon the counter geometry [75]. If

the exponentially �tted die away time is longer due to additional registration of neutrons

from �ssion, the presence of nuclear material may be noticed. An example of DDAA

plots are showed in Figure 2.14, in accordance with [64]. In the Ref. [64] water was used

as a moderator, which can be present in a real cargo container. Measurements were

done with and without 347 g of 235U and four 3He detectors were applied to detect the

prompt neutrons from the SNM. Additionally, the borax and boric acid was used as a

detector poison in order to optimize the e�ciency of die-away neutron detection. It was

shown that the borax solution decreases the detectors e�ciency, but also decreases the

decay time of the detector. The shortened decay time allows for better separation of the
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detector and �ssion signal after the neutron beam pulse. The borax-poisoned detector

registered smaller amount of neutrons after the beam pulse from neutron generator.

Measurements using a borax solution with absorption cross-sections 2, 4, 6, and 12

times that of pure water were performed. The absorption cross section of the borax

and boric acid solution, equal to 6 times that of pure water, was shown to be optimum,

resulting in the best signal-to-background ratio.

The third method of prompt neutron detection (CW LINAC) inspection system is

based on a specially designed LINAC operated at a continuous beam of high energy

photons [65]. The prompt neutrons are registered simultaneously with the γ-rays from

the LINAC as well as those emitted from the nuclear material. Generally, in this

Figure 2.14: Example of DDAA plots showing the die-away time for water and after
the addition of borax poison around the 3He detectors. The total signal (red) with
Uranium was assigned as T, the background (black) as B. Results taken from [64].
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technique all γ pulses are classi�ed as unwanted background, thus, liquid scintillators

with pulse-shape discrimination (PSD) capability together with fast acquisition systems

are used in order to separate the pulses from the neutrons and γ-rays. In order to analyze

huge amount of pile-ups, advanced digital acquisition systems with implemented real-

time deconvolution algorithms are applied [65]. Currently, novel digital acquisition

system with advanced pile-up rejection algorithms is under development at NCBJ [76].

The method based on the CW LINAC is very promising because the neutron detection

with use of liquid or plastic scintillators is e�cient and is based on direct registration

of recoiled protons after the scattering of the prompt neutrons on hydrogen in the

scintillator medium.



Chapter 3

Experimental details

3.1 Acquisition track for delayed γ-rays characteriza-

tion with the use of a High-Purity Germanium

(HPGe) detector

The HPGe detector is the best choice for precise characterization of the delayed

γ-rays from photo�ssion thanks to very good energy resolution (about 2 keV at 1333.5

keV γ-rays from 60Co) and the possibility of production in relatively large sizes, for

example, �1 inch.

At the beginning, the characterization of a 100 g U sample (passive measurement, U

enriched to 93% 235U) was done at the European Array for Gamma Levels Evaluations

(EAGLE HPGe) detectors array [12]. Data were collected at two ampli�cation levels

allowing for an observation up to 2 and 4 MeV, respectively. Low energy experiment

lasted 24 h with about 50 coincidence counts/sec, while higher energy measurement

were continued during 48 hours in order to achieve the highest possible statistics. The

EAGLE detector array was equipped with 15 anti-Compton shielded (ACS) HPGe de-

tectors with 70 % e�ciency with respect to 3" × 3" NaI:Tl scintillator. The total

photo-peak e�ciency of the HPGe detectors array at 1.333 MeV was εph ≈ 0.5%. Rad-

Ware software was used for precise analysis of the measured data [77]. In the o�-line

analysis the sorting procedures were based on program "mult2d" [78]. All coincidences

33
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were checked and compared with that included in Chart of Nuclides database [79].

The acquisition track for delayed γ-ray detection using HPGe is shown in Figure

3.1. The reverse bias voltage of +3000 V from an Ortec 659 HV power supply was

sent to a charge sensitive preampli�er embedded into the Ortec GMX-25190-P HPGe

detector (n-type, detection e�ciency of 25% relative to 3" Ö 3" NaI:Tl, energy reso-

lution 2.1 keV at 1333.5 keV). The signal from the preampli�er was transferred to a

Spectroscopy Ampli�er Ortec 672. The shaping time, which is responsible for the pulse

integration time, was set to 6 µs due to the slow response of the HPGe detector to γ

radiation. Finally, the Gaussian signals were recorded by a Tukan8k Multi-Channel An-

alyzer (MCA) with a USB 2.0 communication interface. For the purpose of photo�ssion

measurements the Tukan8K MCA was working in acquisition series mode. The uranium

sample after irradiation with Bremsstrahlung photons from a LINAC was cooled for 30

Figure 3.1: Acquisition track based on HPGe for the study of characteristic delayed
γ-rays after the irradiation of a nuclear material with Bremsstrahlung photons.
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minutes, then was placed in front window of the HPGe detector. The 100 measurement

series were acquired, each lasting 10 minutes. Such measurements allow the estimation

of the energy and decay time of the most intense γ-lines originated from photo�ssion

products.

3.2 Acquisition track for delayed γ-rays characteriza-

tion with the use of plastic scintillators

In order to detect the delayed γ-rays with appropriate e�ciency, scintillation materi-

als used for this application should have a large volume and reasonable price. This goal

can be achieved with the use of standard organic plastic scintillators, e.g. the PVT based

EJ-200 or the equivalent BC-408. In a few papers inorganic scintillators are also taken

into account, like the BGO [80], which is one of the densest scintillator commercially

available (7.13 g/cm3) and can be produced with the size of �3" Ö 3". Unfortunately,

its price is signi�cantly higher than that of the plastic scintillators of the same volume.

Thus, the detection of delayed γ-rays from photo�ssion was performed with the use of

�5" Ö 3" BC-408 and �3" Ö 2" EJ-200.

The acquisition track for delayed γ-rays detection from photo�ssion can be set for

out-of-beam and beam-o� measurements, see Figure 3.2. The former technique relies on

radiation detection after the nuclear material irradiation, the latter is based on detec-

tion between LINAC beam pulses. Typically PMTs have an electron gain multiplicity

of 105-106 and the signal from the anode is su�ciently strong to use it without a pream-

pli�er, which can be easily saturated during the intense pulse from the LINAC. It is

of high importance during operation with the beam-o� technique, where the LINAC

works with a frequency in the range of 25 - 400 Hz. In both cases, the anode signal

from the PMT was connected to an Ortec 570 spectroscopy ampli�er with as short as

0.5 µs shaping time in order to minimize the dead time of an acquisition system. The

gaussian signal was processed by a Tukan8K Multi Channel Analyzer (MCA) with USB

2.0 interface connected to a PC, then the energy histogram was recorded.

In order to perform the beam-o� measurements, it is required to provide a veto

signal, which blocks the acquisition during the beam pulse from a LINAC. To do that,
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Figure 3.2: Acquisition track for detection of characteristic radiation from photo�ssion
with scintillation detector for the beam-o� technique. Identical acquisition track is used
for prompt neutrons detection.

the logic trigger from a LINAC must be properly shaped to cover the time region of

the LINAC beam emission. It was done with the use of a CAEN N93B dual timer

which can provide wide logic gate within a long period of time. For the measurements

of delayed γ-rays from photo�ssion during operation at 50 Hz, the TTL veto gate was

set to 4 ms and then the acquisition window for a subsequent 16 ms. In the case of

the Tukan8k USB analyzer, it is not required to set the logic acquisition window for

each pulse separately. The logic veto signals are transferred to the "gate" input in the

Tukan8k, which then works in the anticoincidence mode.

The measurements of the delayed γ-rays from photo�ssion were performed with the

application of the beam-o� technique with two LINACs at NCBJ, as described below:

1. Siemens Mevatron KD-2 - a medical LINAC with klystron radio frequency of

2.9985 GHz and Bremsstrahlung energies of 6 and 15 MeV, see Figure 3.3. The
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LINAC can be operated in two frequency modes: 50 Hz and 300 Hz, providing

dose of 40 cGy/(min Öm) and 200 cGy/(min Öm) at the isocentre, respectively.

The isocentre is a common geometry point of the beam axis and the medical

LINAC axis of rotation. The pulse duration is 4-7 µs, and the logic trigger signal

is +3 V. Delayed γ-ray measurements at the LINAC site were performed with �5"

Ö 3" BC-408 plastic scintillator coupled to an ET9390KB PMT with standard

voltage divider and the following beam-o� logic signals settings: 4 ms veto and

16 ms acquisition window.

2. Neptun 10P - a modi�ed medical LINAC, designed for characterization of acceler-

ation structures performance, see Figure 3.4. For the photo�ssion study at NCBJ,

the LINAC provided Bremsstrahlung photons with the endpoint at 10 MeV and

frequency of 50 Hz. The dose rate could be set smoothly from 1 cGy to about

300cGy/(min Öm) at isocentre. Delayed γ-ray measurements at the LINAC site

were performed with a �3" Ö 2" EJ-200 plastic scintillator coupled to a �3"

Photonis XP5312 PMT. The time regime was identical to that for the Siemens

KD-2 LINAC.

The results of the delayed γ-rays measurements with the HPGe detector and plastic

scintillators will be described in Section 4.

3.3 Acquisition track for delayed neutrons detection

The delayed neutrons are the most unique signatures of �ssion. The acquisition track

is very similar to that used for delayed γ-rays detection. Only the detector consisting of

the scintillator and the PMT, was replaced with the 3He gaseous counter coupled to an

NCBJ Fast Preampli�er. The signal was shaped by the spectroscopy ampli�er working

at 3 µs shaping time and was �nally recorded by the Tukan8k MCA connected to a PC.

Photo�ssion of nuclear materials was induced with the Siemens Mevatron KD-2 LINAC

(see Figure 3.3) emitting Bremsstrahlung photons with an endpoint at 6 MeV, which is

su�cient for fundamental research, and 10 MeV Neptun 10P (Figure 3.4) An additional

advantage of 6 MeV energy is that the photons do not generate photoneutrons from
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Figure 3.3: The Siemens Mevatron KD-2 LINAC.

Figure 3.4: The measurement site with the Neptun 10P LINAC.
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the LINAC construction elements, resulting in degradation of the signal-to-background

ratio during beam-o� measurements. The LINAC was working with the frequency of

65 Hz for 6 MeV, 45 Hz for 15 MeV and 4-7 µs beam pulse duration.

Measurements of delayed neutrons from photo�ssion were performed in the Siemens

Mevatron KD-2 LINAC facility at NCBJ. A 4.7 kg block of depleted uranium (DU) was

situated 1 meter above the basement level. Photo�ssion of the DU block was induced

by the Bremsstrahlung photons with endpoint at 6 MeV and 15 MeV. In contrast to 15

MeV, advantage of the measurements with 6 MeV endpoint energy is that the photons

does not generate photoneutrons from the LINAC construction elements, resulting in

the degradation of signal-to-background ratio during the beam-o� measurements. The

measurements were performed with use of the beam-o� technique, providing the veto

gate during the beam for 3.5 ms and opening the acquisition for 12 ms for 6 MeV

Bremsstrahlung. For the 15 MeV, the measurement was closed for 5.5 ms and opened

for 16.5 ms. The high pressure 3He gas detector was placed at di�erent distances from

the nuclear material, from 20 cm up to 300 cm. A special design preampli�er (NCBJ

Fast Preampli�er) with a short relaxation constant (RC constant) developed in NCBJ

was applied for the delayed photo�ssion neutrons measurements. Such a preampli�er

was applied because during an intense beam pulse from the LINAC standard pream-

pli�ers (RC constant of 50 µs) reaching amplitude saturation and pulses from delayed

neutrons cannot be recorded. The averaged waveforms presenting the relaxation times

for the NCBJ Fast Preampli�er and commercially available Cremat CR-110 are shown

in Figure 3.5.

The delayed neutrons were registered with a 3He gaseous detector manufactured by

LND, type 252184. In this study, measurements of the delayed neutrons from photo�s-

sion were conducted with a 3He cylindrical detector manufactured by LND Inc. The

main parameters of the detector are listed below:

� Dimensions: �1.5" × 11.34".

� Active area: �1.43" × 9.60".

� Construction material: Stainless steel.

� E�ective volume: 263 cm3.
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� Sensitivity: 300 cps/nv, according to the datasheet provided by the manufacturer.

� Pressure: 7600 torr (10 atm). In fact, the detector contains 7524 torr 3He and 76

torr CO2.

Figure 3.5: Comparison of the relaxation times of the commercial CR-110 and
Fast Preampli�er developed in NCBJ. These waveforms were recorded by Tektronix
TDS5054B Digital Oscilloscope and averaged over 10000 events.

The high cross section of 5530 b for the 3He +ntherm reaction, very low sensitivity

to γ-rays and good signal-to-background ratio are undoubtedly the most important

parameters for a delayed neutrons detector. The low energy neutrons are registered

by the 3He detector by means of 3He(n, p)T reaction, with Q value of 764 keV, that

corresponds to the maximum energy that can be deposited by the proton and tritium

(T) in the detector at the same time. However, it is possible that the reaction products

reach the wall, resulting in partial deposition of the carried energy. This phenomenon is

known as a wall e�ect. The amplitude of the direct signal from the 3He detector is very

low, thus, it is required to use a charge sensitive preampli�er in order to integrate the

charge and increase the signal amplitude. Moreover, if the detector would work in the

beam-o� mode, it is also required that the preampli�er RC constant should be as low

as possible in order to prevent signal saturation. Measurements in the beam-o� mode
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and with higher Bremsstrahlung endpoint energy, e. g. 9 MeV, result in photoneutrons

emission. Thus, the 3He detectors are covered by 1 mm Cd foil in order to absorb ther-

malized photo�ssion neutrons emitted from the LINAC construction materials. For the

e�cient detection of delayed neutrons, the MCNPX simulation of cylindrical shaped

polyethylene (PE) moderator thickness was performed. The PE moderator covered the
3He detector, and the thickness was calculated to be 5.5 cm. A simpli�ed scheme is

presented in Figure 3.6. The above mentioned 3He detector was exposed to neutrons

from the calibrated 252Cf source on order to compare the detector neutron detection

e�ciency with the results obtained with MCNPX simulations. Results are presented in

Section 5.2. The 252Cf source emitted 55000 neutrons per second on the day of mea-

surements, see Figure 3.7. The neutron source was placed 56.5 cm from the geometrical

center of the detector, both the detector and source were placed 1 meter above the

basement level. The detector was placed in side-on orientation relative to the neutrons

source in order to obtain better detection e�ciency - the solid angle for that geometry

is signi�cantly greater than that for the front orientation. Measurement lasted 2 h.

Figure 3.6: The block scheme showing the 3He counter coupled to the acquisition system
dedicated to delayed photo�ssion neutrons detection.
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Figure 3.7: The geometry set for neutrons detection from the 252Cf source with use of
the 3He detector. The geometry was then applied in the MCNPX simulation.

3.4 Acquisition track for prompt neutrons detection

with the use of �uorine-based scintillators

The measurements of prompt �ssion neutrons detection were based on Threshold

Activation Detection (TAD), described in detail in the Introduction. Basically, fast

neutrons from photo�ssion activate an atomic nucleus of the material (e.g. scintillator)

having an activation threshold above 2.5 MeV and short half-lives of the activation

products. Particularly, scintillators containing 19F are the best solution for this tech-

nique due to the high energy endpoint of the β− particle of approximately 10.4 MeV,

exceeding the region of the contribution of delayed γ-rays and the optimal activation

threshold as well as the half-lives of the activation products. Low amounts of hydrogen
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in a scintillator medium are mandatory in order to prevent neutrons slowing down via

the scattering process. Scintillators based on the 19F that can be applied to the TAD

technique are:

1. Liquid organic scintillators based on highly puri�ed hexa�uorobenzene (C6F6) and

with a low content of hydrogen ( 1020/cm3), such as EJ-313 or BC-509. Currently

the scintillators were produced in the form of a box with dimensions 40 × 40 ×
40 cm3.

2. Inorganic scintillators, such as BaF2, CaF2 or CeF3 [66,67]. BaF2 and CaF2 scin-

tillators are available commercially in size �3" × 3", both in reasonable prices,

however, the CaF2 is slightly cheaper than the former. CeF3 is the densest scin-

tillator and contains the highest amount of F atoms per volume, however, large

sizes are commercially unavailable.

3. Organic plastic scintillator based on penta�uorostyrene, containing a high amount

of �uorine (3.73 × 1022 g/cm3). This material was developed in collaboration

between NCBJ and CEA Saclay, France. However, the scintillator contains hy-

drogen, and the F/H value, driven only by the pentalfuorostyrene, is 1.66. This

material is under further investigation.

The neutron detection e�ciency of the 19F based scintillators by means of activa-

tion with a 252Cf source emitting 57000 n/s at the day of measurements was roughly

estimated. The acquisition track for continuous measurement (without the beam-o�

logic designed for measurements between beam pulses) is presented in Figure 3.8.

The amplitude of the signal from the PMT is su�ciently high, thus, use of the

preampli�er is not required. The anode signal was shaped by the Ortec 570 spec-

troscopy ampli�er, which was �nally recorded by the Tukan 8K USB MCA. The same

acquisition track was used for estimation of the fast neutrons relative e�ciency of the

TAD detectors with use of the Sodern Genie 16GT D+T neutron generator. The neu-

tron generator provides the neutrons from d(T,n)4He reaction with energy of 14.1 MeV.

The scintillators were placed at the distance of 50 cm from the deuterium target and 1

meter above the basement level. The acceleration voltage of the deuterium ions was set

to 80 kV, and the beam current to 20 µA, providing the neutron �ux of 0.3 × 108 n/s
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Figure 3.8: The block scheme of the acquisition track based on the TAD scintillator without
the beam-o� logic.

in 4π. Scintillators were exposed to the 14.1 MeV neutrons for 120 s, then the beam

was stopped and the spectrum was measured through 60 s.

The beam-o� technique was applied when the activation of 19F nuclei in the BaF2

scintillator with neutrons from the D+T neutron generator was measured with the

HPGe GMX 60-P4-83-CW detector. During this measurement, the logic signals were

provided by the D+T generator. The veto logic was set to 5 ms, then, the data was

measured through 25 ms.

Measurements of prompt photo�ssion neutrons with the � 2" × 3" BaF2 scintilla-

tor were conducted at the SAPHIR facility, CEA LIST, Saclay site, France. In order

to induce photo�ssion in nuclear material, a Varian LINATRON M9 LINAC emitting

Bremsstrahlung photons with an endpoint energy of approximately 9 MeV was used. A

1.2 kg sample of depleted uranium (DU) was placed 1 meter from the conversion target

and exposed to high energy photons. The detector and DU were placed 1 meter above

the basement level. The distance between the detector and the DU was also 1 m. The

simpli�ed scheme of the measurement site is presented in Figure 3.9.

The acquisition track is actually identical with that for the delayed γ-rays mea-

surements with plastic scintillators. Instead of the plastic, the �2" × 3" BaF2 (TAD

detector) was used for prompt photo�ssion neutron detection from the DU using the

TAD technique. The LINAC beam frequency was set to be 33 Hz for beam-o� mode
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Figure 3.9: The geometry setup during the measurements performed at the SAPHIR
facility.

and 385 Hz for after beam measurement. The veto logic signal lasted 21 ms and the

acquisition was opened for 9 ms in order to avoid saturation of the detector and possible

environmental activation by photoneutrons. Results will be discussed in Chapter 6.

Two methods were evaluated in order to detect prompt photo�ssion neutrons by

means of the TAD technique. The �rst one is based on data acquisition after irradi-

ation of the nuclear material at a frequency of 385 Hz and an intense dose of 30 Gy

during 60 s without data recording between pulses, the spectrum was recorded within

60 s after beam turn-o�. This approach is introduced as the "out-of-beam" method.

The second method is based on enabling the acquisition between the LINAC beam

pulses and was introduced as the "beam-o�" inspection technique, see Figure 3.10. In

the latter, the trigger from the LINAC was converted into the wide TTL veto logic

gate, set at 21 milliseconds (ms), with the logic gate opening the acquisition for 9 ms.

In this case, the beam frequency was set to 33 Hz and inspection lasted 120 s. The 21

ms veto time break after irradiation was introduced in order to let the detector recover

after saturation caused by the intense photon beam from the LINAC and the possible

registration of high energy γ-rays emitted in the ms time range and related to the neu-

tron scattering on Ba and F nuclei. In this study, the scintillators were not shielded

from the scattered radiation in order to observe the contributions both from nuclear
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material and background, thus, the investigation can be considered as a ground work

for further study.

In the paper [14], the term of "active background" was also introduced, which stands

for the number of events registered during beam-o� measurement. The data acquisi-

tion is opened for 9 ms, without nuclear material on the irradiation site. This active

background is mainly composed of γ-rays from the scintillator and structural materials

activated by photoneutrons from the LINAC, natural and cosmic radiation (protons,

muons), and also possibly from scattered Bremsstrahlung photons and pile-up contri-

bution at the high-energy range.

The measurements of the penta�uorostyrene-based plastic scintillator's (F-plastic)

response to γ-rays and neutrons from 252Cf and PuBe sources was performed. The emis-

sion spectrum, light output by means of the single photoelectron method and decay time

was also measured.

Figure 3.10: The block scheme of the acquisition track based on the TAD scintillator with the
beam-o� logic. The acquisition track is the same for the LINAC and D+T neutron generator
used as a radiation source.

Radioluminescence and �uorescence spectra were recorded using a Horiba Jobin

Yvon Fluoromax 4P spectro�uorometer. Light excitation was performed at 300 nm for

the �uorescence experiment. To access the radioluminescence spectrum, light excitation
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was shutdown, and a 24 MBq Sr/Y source was used to irradiate the scintillator.

For the study of scintillation decay time, the scintillators were coupled in separate

measurements to the Hamamatsu R2059 fast timing PMT with a transit time spread

(TTS) of 550 ps [81]. A Tektronix TDS5054B digital oscilloscope was used for the

measurement of scintillation decay time. The result was based on averaged 10000

waveforms.

In order to characterize the detectors in term of scintillation yield, the number

of photoelectrons Nphe/MeV was measured using a single photoelectron method. The

technique, which was proposed by Bertollacini et al. [82] and used in later studies

[83], relies on the comparison of the 661.7 keV full absorption peak centroid or 477.3

keV Compton edge (CE) position Pctr measured for the 137Cs source with the position

of the peak originated due to thermionic emission of single electrons from a PMT

photocathode P1phe. The full energy peak was used in the case of BaF2, the CE for

organic scintillator, in which full γ-ray deposition in the higher energy range is not

observed due to the low Z of the scintillator. The centroid position is corrected by the

signal gain ratio Gratio of the spectroscopy ampli�er (e.g. Ortec 672) and expressed per

one MeV energy unit. Usually, the photoelectron yield is measured with a 137Cs source.

Photoelectron number per 1 MeV is calculated from Equation 3.1:

Nphe/MeV =

Pctr

P1phe
×Gratio

E(MeV )
. (3.1)

The 1phe and 137Cs spectra are shown in Figure 3.11. Concerning the CE position

(LCE), one needs to emphasize that the Compton maximum Lmax is not the true po-

sition of the CE due to the �nite energy resolution of the scintillator. Using the Wide

Angle Compton Coincidence technique [84], it was possible to precisely extract the po-

sition of the CE. It turned out that it can vary depending on the energy of incident

γ-ray, type of scintillator and its size. Basing on this paper, the 137Cs CE position of

477.3 keV was taken to be 80% of the Lmax height.

Light output, in terms of photons per MeV (ph/MeV), was determined for F-plastic

coupled to a Photonis XP5212 PMT characterized by a high blue sensitivity of 12.2

mA/lm Corning blue. The choice is supported by the fact that the production of exces-
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Figure 3.11: The spectra of single photoelectron and 137Cs for the �5" Ö 3" EJ-313
scintillator. Lmax and LCE stand for position of Compton maximum and position of
CE, respectively. The numbers 20 and 500 are the gain set on spectroscopy ampli�er
for measurement of 137Cs spectrum and 1phe, respectively.

sive space charge in dynode structure for that PMT can be neglected [85], which in turn

increases the precision of the obtained value of absolute light output. According to the

datasheet delivered together with the PMT, the quantum e�ciency (QE) at 400 nm for

the XP5212 PMT is 30 ± 3%. The anode signal from the XP5212 PMT was sent to an

Ortec 113 preampli�er, and then shaped by an Ortec 672 spectroscopy ampli�er with

the shaping time set to 0.5 µs. The Gaussian signals were recorded with a Tukan8k

Multi-Channel Analyzer (MCA) with USB 2.0 interface. [86].



Chapter 4

Detection of delayed γ-rays emitted

from Special Nuclear Material

In this Chapter, passive measurements of γ-rays emitted from enriched uranium

sample with EAGLE array were conducted. Moreover, after-beam measurements of

highly enriched uranium (HEU) with Ortec GMX series HPGe with 25% e�ciency

(relative to 3"Ö 3" NaI:Tl) were also performed [13]. Moreover, active photo�ssion

measurements of 4.7 kg depleted uranium (DU) block with 3" Ö 2" EJ-200 and 5" Ö3"

BC-408 plastic scintillators were also conducted with use of 6 MeV and 10 MeV LINACs.

4.1 Fundamental γ-ray spectroscopy of highly enriched

Uranium (HEU)

In order to gain a better knowledge of the energy spectra of nuclear materials, precise

γ-ray spectroscopy (passive measurements) were performed. These measurements were

done for a 100 g Uranium rod (enriched to 93%) in order to establish the most prominent

γ lines in the natural decay series and photo�ssion reaction. The �rst experiment

included measurements of single γ-ray spectra and γ-γ coincidences before irradiation

with the use of the European Array for Gamma Levels Evaluations (EAGLE) consisting

of 15 High Purity Germanium (HPGe) detectors located at Heavy Ion Laboratory (HIL),

49
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University of Warsaw [12]. In the second experiment, the 100 g U sample was irradiated

with 15 MeV photons (Bremsstrahlung radiation) from a Siemens Mevatron KD-2 linear

accelerator located in the National Centre for Nuclear Research (NCBJ), Otwock. The

single γ-ray and γ-time spectra after 10 min irradiation time were carried out with a

large volume HPGe detector. The information obtained from such spectra are crucial

for the detection of smuggled nuclear material by high-resolution systems designed for

border monitoring or for nuclear waste content characterization.

4.2 Measurement of γ - γ coincidences with the EA-

GLE HPGe array

The γ-γ coincidence measurements for a 100 g U sample (φ = 0.8 cm in diameter

and 10 cm length, enriched to about 93% 235U - according to formal speci�cation)

intended to learn more about radioactive natural decay chains in heavy nuclei were

performed with the EAGLE detector array [12]. Data was collected at an ampli�cation

level allowing for an observation of γ-rays with energy up to 4 MeV. Results of the

passive measurements at EAGLE are presented in Table 4.1 and Figure 4.1. The 4n,

4n+1, 4n+2 and 4n+3 stands for Thorium, Neptunium, Uranium and Actinium decay

chain, respectively.

Table 4.1: The γ-γ coincidence data of a 100 g U sample

(before irradiation with 15 MeV photons). For each γ line

its relative intensity, the list of the most prominent γ-rays

observed in coincidence as well as its origin are given.

E
a)
γ (keV) Irelγ

b) Coincidencec) (keV) Origin of Eγ Decay

series

115.2 27 123.5, 176.6, 300.1 212Pb→212Bi 4n

143.8 48 202.1, 266.5 235U→231Th 4n+3

163.4 28 246.8 231Th→231Pa

235U→ 231Th

4n+3
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Table 4.1: Continued

185.7 327 202.1, 266.5

186.2

235U→ 231Th,

226Ra

4n+3

4n+2

202.1 14 143.8, 185.7 235U→ 231Th 4n+3

205.3 34 173.3, 182.6, 246.8 235U→ 231Th 4n+3

215.2 0.6 109.2, 143.8, 163.4, 185.7,

195.0, 205.3

235U→ 231Th 4n+3

238.6 3 176.7 212Pb→ 212Bi 4n

246.8 1 109.2, 163.4, 205.3 235U→ 231Th 4n+3

252.6 0.2 510.7, 583.2, 2614.5 208Tl→ 208Pb 4n

277.4 2 583.2, 2614.5 208Tl→ 208Pb 4n

291.7 0.3 96.09, 143.8 235U→ 231Th 4n+3

300.1 0.6 115.2

115.3

212Pb→ 212Bi

233Pa→ 233U

4n

4n+1

311.1 0.6 weak 143.8 and 163.4 233Pa→ 233U 4n+1

510.7 24 583.2, 2614.5 208Tl→ 208Pb 4n

569.8 0.05 1063.7 211Po→207Pb 4n+2

583.2 46 277.4, 510.7, 722.0, 763.1,

982.7, 1282.8, 2614.5

208Tl→ 208Pb 4n

609.3 1 768.4, 934.1, 1120.3, 1238.1,

1408.0

214Bi→214Po 4n+2

727.3 5 785.37, 893.4, 952.1, 1073.6,

1078.6

212Bi→212Po 4n

763.1 2 583.2, 2614.5 208Tl→208Pb 4n

860.6 10 2614.5 208Tl→ 208Pb 4n

893.4 0.6 727.3 212Bi→212Po 4n

1001.0 0.7 weak 135.3 and 166.5 234mPa→234U 4n+2

1063.7 0.1 569.7 211Po�207Pb 4n+2

1078.6 1 727.3 212Bi→212Po 4n

1093.9 0.4 2614.5 208Tl→ 208Pb 4n

1120.3 0.8 609.3 214Bi→214Po 4n+2

1238.1 0.4 609.3 214Bi→214Po 4n+2
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Table 4.1: Continued

1284.0 0.2 609.3 214Bi→214Po 4n+2

1764.5 0.7 964.1 214Bi→214Po 4n+2

2204.1 0.2 weak 581.9 214Bi→214Po 4n+2

2614.5 100 277.4, 510.7, 583.2, 763.1,

860.6, 927, 983, 1093.9, 1282.8

208Tl→ 208Pb 4n

a) The energies are accurate within 0.3 keV for strong well resolved lines. For other lines the

uncertainty may rise up to 0.6 keV.

b) Intensity normalized to 100 for the 2614 keV line. Estimated uncertainties are less than 10

% for strong well resolved lines. For other lines they may rise up to 20 %.

c) In most of the gates considered, strong coincidences with Pa (region 96-108 keV), U (region

98-110 keV) and Th (region 93-105 keV) Kαβ X-rays are observed.

Inspection of Figure 4.1 (based on the γ-γ coincidences analysis) reveals that one

of the most intensive high energy γ-rays in the spectrum is 3− → 0+ transition of

energy 2614.5 keV appearing due to 208Tl→ 208Pb decay in 232Th series (4n) (see

Table 4.1). It is worth pointing out that the isotope naturally occurs in non-puri�ed

uranium samples. It is noteworthy that when measuring the γ-ray spectra of an enriched

uranium sample, which was has not been puri�ed o� 232Th, this strong γ line will always

be observed. Because its energy is su�cient to penetrate cargo walls and thin shielding,

observation of this γ line is a good signature indicating the possible presence of 235U in

cargo containers, which can be recorded by passive radiation monitors and hand-held

devices [87,88].

4.3 Estimation of HEU enrichment

It is possible to roughly estimate the enrichment of the uranium sample through

the analysis of the γ-ray single spectrum by comparing the intensities of 185.7 keV γ

line from 235U and 111.0 keV X-rays with 1001.0 keV from 238U [89]. Particularly, this

method can be successfully applied to the enrichment estimation of uranium powders

due to the neglected self-absorption contribution of X-rays and γ-rays. However, the
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Figure 4.1: Example of e�ciency corrected γ-γ coincidence spectrum of 100 g Uranium
sample (before irradiation) measured with 15 HPGe Compton suppressed detectors of
about 70 % e�ciency with respect to 3" Ö 3" NaI:Tl scintillator.

uranium X-rays are disturbed by other close energy radiations present in the sample,

like e.g. 232Th contribution to the uranium X-ray intensity. Also the low intensity of

the 1001.0 keV line (appearing in the 1.17 min decay of 234mPa→ 234U, being a member

of the uranium natural decay series) makes the accuracy of enrichment determination

rather uncertain. Moreover, the detector e�ciency at 185.7 keV and 1001.0 keV is

signi�cantly di�erent and due to the large energy gap between the lines, uncertainties

in the e�ciency could cause a signi�cant impact on the �nal enrichment estimation.

According to [90] the coincidence summing correction factors should also be taken into

account when analyzing the radionuclides belonging to the three natural decay series.
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Therefore, the estimation of the relative yields of an actinium (235U) to uranium (238U)

series is a rough measure of enrichment.

Summing the relative intensities of all the γ lines corresponding to each decay series

(taken from Table 4.1), the yields of the decay series were estimated to be: (thorium) :

(uranium) : (actinium) ' (9.9%) : (0.9%) : (79.2%), with ± 5.0% error margin. The

presence of a neptunium series was also noticed (by its 300.1 and 311.1 keV γ-rays),

however, it was neglected due to its very low intensity. Comparing the intensities of

the actinium and uranium chains, the enrichment value was estimated as:

En =
Iγ(Actinium_series)
Iγ(Uranium_series)

= 88± 5%, (4.1)

which is not far from the known 93 % level. It is worth noting that the estimation

was done for the 100 g HEU rod �0.8 cm Ö10 cm, thus, even with the self-absorption

contribution, the �nal level of enrichment is in good agreement with the formal speci-

�cation.

4.4 Photo�ssion of uranium and characterization of

delayed γ-rays with use of HPGe detector

Our previous investigation, described in Section 4.2, included γ-γ coincidence spec-

troscopy in order to get a proper knowledge of the spontaneous X and γ-ray spectra

of the enriched uranium. Observed γ peaks appeared up to 2614.5 keV, the last was

ascribed to 208Tl→208Pb from the Thorium decay chain. Afterward, measurements of

delayed γ-rays spectra were carried out in order to show the most intense γ lines with

energy up to 4 MeV. The 100 g U sample enriched to 93% was irradiated with high

energy Bremsstrahlung photons with an energy endpoint at 15 MeV. For this purpose

we used a Siemens KD-2 Linear Accelerator. A dose rate of 40 cGy/(min Öm) and a

repetition time of 45 Hz was achieved. Acquisition of the γ spectra was started after 10

minutes of sample irradiation and 30 minutes of cooling time to obtain an acceptable

counts rate and avoid pile-ups. One hundred series of γ spectra were acquired, each
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Figure 4.2: Energy spectra plotted for four subsequent measurements using HPGe (25
cm3) detector after 10 minutes irradiation with 15 MeV photons of 100 g Uranium rod
(of φ=0.8 cm diameter, and 10 cm length) and after 30 minutes of cooling time. From
the top to the bottom, spectra acquired in 0, 30, 50, and 90 minutes after the end of
cooling time are plotted.

measurement lasted 10 minutes. The illustration of spectra measured in this way is

given in Figure 4.2, where 4 spectra are displayed in a function of time: the �rst mea-

surement corresponds to time equal to 0 minutes - the next spectra were taken 30, 50,

and 90 minutes later. The most prominent decays were presented in Table 4.2.

On the basis of the data presented in Figure 4.2 several values of photo�ssion prod-
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Table 4.2: List of the most prominent decays of photo�ssion products appearing after
10 min. irradiation with 15 MeV photons of a 100 g enriched U sample.

Photo�ssion
product decays

Eγ(keV) T1/2(min)

Present exp. Average References
95Y→ 95Zr 3576.0 11.3 ±0.8
95Y → 95Zr 2632.4 7.7 ±1.8 9.8 ±1.1 10.3 ±0.1 [91]
95Y → 95Zr 954.0 10.5 ±0.8
89Rb → 89Sr 2570.2 16.1 ±0.5
89Rb → 89Sr 1248.2 16.7 ±0.5 16.8 ±0.4 15.2 ±0.1 [92]
89Rb → 89Sr 1031.9 17.6 ±0.6
138Xe → 138Cs 2015.8 17.7 ±0.2
138Xe → 138Cs 1768.3 16.6 ±0.9 19.8 ±1.0 14.0 ±0.8 [93]
138Cs → 138Ba 2639.6 32.5 ±1.2 32.5 ±1.2 33.4 ±0.2 [94]

ucts half-lives were determined. In order to obtain the half-lives of the photo�ssion

products, the number of net counts under the considered peak were calculated after

each subsequent 10 min of data acquisition. Then, the exponential function was �tted

to the calculated number of counts. The half-lives of the most intense observed lines

are in the range 10 min <T1/2< 32 min. The plots presenting the half-lives estimation

are presented in Figure 4.3. The half-lives of the photo�ssion products estimated dur-

ing this experiment are in good agreement with the data available in the mentioned

databases.

The γ-rays from the irradiated uranium sample together with their relative intensi-

ties and parent nuclei are listed in Table 4.3. The Table shows that the most intense

γ-rays are in the energy range from 306.9 keV up to 3927.5 keV due to the decay of the

photo�ssion products. The peaks assigned with (∗) were measured and normalized to

1435 keV from 138Cs after the 10th measurement session due to a half-life greater than

5 h and lower radiation background. In the case of multiple unresolved peaks, the total

intensity is shown and the energies of the mixed peaks are averaged. The low energy

threshold of 306.9 keV was selected in order to cut-o� from the Pa, U and Th KX-rays

and low energy γ-rays appearing due to the presence of 235U nuclei. Particularly im-

portant are the high energy lines 3576.0 keV, 3927.5 keV, 2570.2 keV, 2639.6 keV and

2252.3 keV, identi�ed as belonging to 95Y, 84Br, 89Rb, 138Cs and 138Xe, respectively.
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Such high energy γ-rays can indicate the presence and origin of special nuclear material

in suspected cargo and bulky nuclear waste. The spectrum presenting the high energy

region of induced γ-rays is shown in Figure 4.4. According to [95], more than 43% of

γ-rays with energy of 4 MeV pass through a 1 cm thick lead shielding. Moreover, the

contribution from natural background is very slight above energy levels of 2.5 MeV.

Thus, the γ-ray signatures at energy range above 2.5 MeV are very important from the

point of view of shielded nuclear material detection at border crossings.
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Figure 4.3: Estimated half-lives of the delayed γ-rays belonging to 89Rb, 95Y, 138Xe and
138Cs photo�ssion products.
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Table 4.3: List of γ transitions in energy range between 306.9 and

3927.5 keV originated from the photo�ssion products. The data

presented in [96] were used to assign the parent nucleus to each γ

line. The e�ciency corrected intensities are relative to the 1435.8

keV line ascribed to the 138Cs decay.

Eγ Photo�ssion Irelγ Eγ Photo�ssion Irelγ

(keV) product (keV) product

306.9 101Tc 22.0 ± 1.8 1383.9 92Sr 40.3 ± 1.5

313.1 133Te/128mSb 9.2 ± 1.7 1435.8 138Cs 100.0 ± 1.6

316.0 146Ce 8.8 ± 1.7 1456.4 135I/134I 10.6 ± 1.3

343.7 141Ba 15.4 ± 1.8 1524.7 146Pr 11.3 ± 1.2

358.0 104Tc 12.2 ± 1.5 1531.1 88Kr/101Mo 8.4 ± 1.1

404.0 134I/87Kr 7.8 ± 1.4 1612.8 134I/104Tc 6.0 ± 1.1

408.3 138Cs/133Te 9.1 ± 1.5 1683.2 133mTe 5.9 ± 1.0

434.0 138Xe/134I 16.9 ± 1.6 1704.4 133mTe 2.6 ± 0.9

453.9 146Pr 17.3 ± 1.6 1720.0 131Sb 2.5 ± 0.9

462.8 138Cs 22.1 ± 1.7 1741.1 87Kr/84Br/134I 3.7 ± 1.0

529.9 133I 5.6 ± 1.7 1768.3 138Xe 19.6 ± 1.3

546.8 138Cs/135I 9.1 ± 1.4 1805.9 134I 5.7 ± 1.0

567.0 134Te 5.8 ± 1.4 1836.0 88Rb 5.7 ± 1.0

590.2 93Sr/101Mo 26.3 ± 1.6 1854.4 131Sb 2.6 ± 0.9

641.3 142La 29.2 ± 1.7 1876.8 84Br < 1

647.5 133mTe 11.6 ± 1.5 1897.8 84Br 4.8 ± 1.1

657.8 89Rb/131Sb 14.8 ± 1.6 1940.3 95Y 3.0 ± 1.0

742.9 134Te/128mSb 20.0 ± 1.6 2005.0 138Xe/133mTe 9.8 ± 1.0

753.8 128mSb 8.9 ± 1.1 2015.8 138Xe 13.8 ± 1.1

760.8 129mSn 3.6 ± 1.3 2029.7 84Br/88Kr 8.5 ± 1.0

767.0 134I/134Te 18.5 ± 1.5 2079.2 138Xe 0.6 ± 0.3

793.5 130Sb 19.5 ± 1.5 2102.5 escape a)

840.1 130Sb 22.5 ± 1.5 2175.6 95Y 7.1 ± 1.0

847.0 134I/133Te/87Kr 54.6 ± 1.9 2187.2 142La 1.9 ± 0.8

875.7 93Sr 11.0 ± 1.4 2196.0 89Rb 20.6 ± 1.5

881.6 84Br 49.1 ± 1.8 2218.0 138Cs 21.1 ± 1.1

884.2 134I/104Tc 47.8 ± 1.8 2252.2 138Xe/146Pr 4.4 ± 0.8

894.4 142La/142Ba/104Tc 11.3 ± 1.4 2392.1 88Kr 9.5 ± 0.9

912.7 133mTe 25.5 ± 1.6 2397.8 142La 8.3 ± 0.9

918.7 94Y 57.9 ± 1.9 2484.1 84Br 2.6 ± 0.7
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Table 4.3: Continued

934.1 131Sb/130Sb/101Mo 15.2 ± 1.4 2496.6 131Sb 1.3 ± 0.6

943.4 131Sb 22.4 ± 1.5 2542.7 142La 6.2 ± 0.7

948.2 89Rb/142Ba/134I 16.3 ± 1.5 2554.8 87Kr 5.5 ± 0.7

953.7 95Y/92Sr 14.6 ± 1.4 2570.2 89Rb 12.1 ± 0.8

1009.8 138Cs 38.2 ± 1.7 2632.4 95Y 5.9 ± 0.7

1024.3 91Sr 9.0 ± 1.4∗ 2639.6 138Cs 11.1 ± 0.8

1031.9 89Rb 63.5 ± 1.9 2707.3 89Rb 2.7 ± 0.6

1072.6 134I 8.0 ± 1.3 2971.0 142La 2.1 ± 0.5

1078.7 142Ba 7.5 ± 1.2 2996.7 escape b)

1094.1 142Ba/93Sr 3.5 ± 1.2 3045.4 84Br 1.0 ± 0.4

1131.5 135I 8.9 ± 1.3∗ 3063.2 escape c)

1137.5 134I/94Y 8.9 ± 1.4 3235.3 84Br 0.6 ± 0.3

1160.6 142La/101Mo/141Ba 5.6 ± 1.2 3249.0 95Y 1.1 ± 0.4

1197.3 141Ba 5.1 ± 1.2 3313.8 142La 1.2 ± 0.2

1204.3 142Ba 13.1 ± 1.3 3365.8 84Br 1.5 ± 0.4

1233.5 131Sb/142La 1.8 ± 1.0 3415.5 escape d)

1248.2 89Rb 51.8 ± 1.9 3451.4 95Y 0.8 ± 0.3

1260.4 135I 12.0 ± 1.3∗ 3508.7 89Rb 1.4 ± 0.3

1267.0 131Sb/93Sr 4.5 ± 1.1 3576.0 95Y 7.1 ± 0.5

1283.2 139Cs 5.7 ± 1.1 3612.1 142La 0.3 ± 0.2

1324.0 95Y/93Sr 5.3 ± 1.0 3632.7 142La 0.5 ± 0.2

1333.2 133Te 2.7 ± 1.5 3927.5 84Br 3.3 ± 0.3

a) Single escape peak from 2614.5 keV line. b) Single escape peak from 3508.7 keV line.

c) Single escape peak from 3576.0 keV line. d) Single escape peak from 3927.5 keV line.
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Figure 4.4: High energy region of the HPGe spectrum measured after 10 minutes irradi-
ation of a 100 g Uranium rod by 15 MeV photons. The γ-rays belonging to photo�ssion
products 89Rb, 95Y and 138Cs and also to 208Pb nucleus are marked.

4.5 Using a plastic scintillator for detection of delayed

γ-rays from photo�ssion

In general, organic plastic scintillators, due to their low cost and possibility of pro-

duction in large sizes, have a large potential role to play in the detection of delayed

γ-rays from photo�ssion. The comparison of the number of counts from background

and from nuclear materials were investigated with 5" Ö 3" BC-408 and 3" Ö2" EJ-200

plastic scintillators in various geometries, depending on accessibility at LINAC facili-

ties. Measurements were conducted with the Siemens KD-2 and modi�ed Neptun 10P

LINACs.
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4.5.1 Measurements at Siemens KD-2 LINAC site

During tests the Siemens KD-2 LINAC was working at 50 Hz of beam frequency

and emitted Bremsstrahlung with an endpoint of 6 MeV. Despite of the fact that such

energy is only slightly above the photo�ssion threshold of depleted uranium (DU), the

delayed γ-rays from photo�ssion were successfully registered. The provided dose rate

was about 40 cGy/(min Ö m). 4.7 kg of DU was used for the investigation of the

delayed γ-rays. The acquisition track was described in detail in Chapter 3. During

measurements the �5" Ö 3" BC-408 scintillator was placed 25 cm from the nuclear

material, which was positioned 70 cm from the conversion target of the LINAC. The

measurement was performed in the beam-o� mode, which allows recording the delayed
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Figure 4.5: The delayed γ-rays spectrum measured for 4.7 kg of DU together with
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scintillator.
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radiation between LINAC beam pulses. The plots presenting the delayed γ-rays from

the DU and the contribution of the active background are shown in Figure 4.5. For

such geometry, the total number of counts originated from delayed γ-rays emitted by

the DU was around 29 times greater than that from the active background, which is

mainly due to the registration of 1460.8 keV and 2614.5 keV γ-rays from 40K and 208Pb,

respectively. These background-nature γ-rays are emitted from the walls at the LINAC

facility. Moreover, the contribution of the active background to the passive background

is very low, as shown in Table 4.4.

Table 4.4: Number of counts in the energy range between 0.5 - 8 MeV acquired with
�5" BC-408 at Siemens LINAC site.

Radiation source Mode Number of counts
4.7 kg DU active 143100 ± 380
background active 4900 ± 70
background passive 4200 ± 65

This measurement con�rms that the registration of the delayed γ-rays from nuclear

materials is a powerful solution for application at country border inspection systems.

Large quantities of unshielded DU - those exceeding the mass of 25 kg DU, according

to the documentation of the Nuclear Regulatory Commission - could be detected even

with compact low-energy accelerators. However, the photo�ssion threshold for some

nuclear materials is higher than the Bremsstrahlung with an endpoint of 6 MeV from

the Siemens LINAC, thus, for the e�cient detection of all kinds of nuclear materials

the use of a LINAC providing maximum photons energy of 10 MeV is required. This

fact was a motivation for further investigation with accelerators emitting high energy

photons with an endpoint at 10 MeV, which will be presented in the next Subsection

4.5.2. However, the higher energy of Bremsstrahlung photons, greater than the 10

MeV, are undesirable in active inspection systems at borders due to safety reasons -

such photons are highly penetrative and can generate additional background as well as

photoneutrons from the LINAC construction materials.
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4.5.2 Measurements at the Neptun 10P bunker

As mentioned in the previous Subsection, photons with an energy endpoint at 6

MeV can be insu�cient to induce photo�ssion in an e�cient way. The amount of such

photons is very low and the photo�ssion cross section of nuclear materials is close to

the threshold value, thus, measurements with the 10 MeV Neptun 10P LINAC were

performed. During this measurement �3" Ö 2" EJ-200 plastic scintillator (equivalent

of BC-408) coupled to a �3" Photonis PMT was used. During these measurements,

only 100 g of U (93% enrichment - HEU) was exposed to high energy photons, the same

as which was used in measurements presented at the beginning of this Chapter. This

material was placed very close to the front of the EJ-200 scintillator. The detector was

Figure 4.6: The delayed γ-rays measured after photo�ssion the 100 g HEU together with
the recorded active background and γ-rays related with natural series decay chains from
of the HEU sample.
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placed 100 cm from the conversion target of the LINAC. The LINAC was working with

a frequency regime of 50 Hz and the beam-o� technique was applied, with a 4 ms gate

of blocking veto signal and 16 ms for acquisition window. Acquisition time lasted 120 s.

The plots from the irradiated HEU sample and the measured active background were

shown in Figure 4.6. The Figure presents the spectrum of delayed γ-rays of energy up

to 6 MeV registered with the �3" Ö 2" EJ-200 plastic scintillator during the 120 s of

beam-o� measurement (4 ms logic veto, 16 ms acquisition window). For the same beam-

o� settings and system geometry, the active background was also measured. Details are

depicted in the Table 4.5. From Table 4.5 it can be seen that the contribution of delayed

γ-rays from the photo�ssion of the HEU is signi�cant, over 86 times larger than that

of the active background in the energy range between 0.5 - 8 MeV. In contrast to the

passive measurements with the HPGe detector, the active technique of nuclear material

detection via photo�ssion results in high energy delayed γ-rays emission, which can

potentially pass through the cargo walls and potential shieldings.

4.6 Summary

The study presented in this Chapter shows the techniques of delayed γ-rays detec-

tion. For the application in border monitoring, i.e. scanning cargo containers, the large

volume scintillators seems to be the best solution because of their high total detec-

tion e�ciency. After the photo�ssion of nuclear materials a large amount of γ-rays are

emitted, often of similar energy values. Thus, the method that will be applied to re-

solve γ-rays with scintillator of low energy resolution would fail even when an expensive

LaBr3 scintillation detector is used. In the [97] measurements of delayed γ-rays in the

range of 0.1 - 9 MeV with a �3" Ö 2" LaBr3:Ce scintillator were performed, however,

the full energey peaks structure was not shown. It is highly probable that the energy

Table 4.5: Number of counts in the energy range between 0.5 - 8 MeV acquired in the
Neptun 10P bunker.

Radiation source Mode Number of counts
100 g HEU active 715000 ± 900
background active 8300 ± 90
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resolution of the LaBr3:Ce is still insu�cient for precise analysis of the delayed γ lines.

It seems that the best solution is to use the large volume plastic scintillators, allowing

the e�cient detection of scattered γ-rays (Compton scattering). Based on the total

number of counts registered during cargo inspection and comparing with that from the

active background, it is possible to determine the presence of radioactive or nuclear

material.

The best solution for precise identi�cation of nuclear material composition is an

HPGe detector possessing excellent energy resolution, signi�cantly better than that

o�ered by scintillation materials. However, due to the requirement of cooling to the

LN2 temperature, limited volume, high price and sensitivity to radiation damage from

neutrons, resulting in degradation of the energy resolution over time, their potential

use in cargo scanning systems is doubtful.





Chapter 5

Detection of delayed neutrons from

photo�ssion

Delayed neutrons are the most unique signatures of �ssion. Actually, with a few

exceptions, such as the 17O(n,p)17N reaction when the energy of the incident neutron

is above 10.4 MeV, or 18O(γ,p)17N with a half-life of 4 s and the γ energy above 15

MeV, only disintegration of a very heavy nucleus is related with the emission of delayed

neutrons [17]. As the energy of delayed neutrons is divided into six groups between

0.25 and 0.63 MeV [31], being signi�cantly lower than that of prompt neutrons, the

probability of their interaction in a low-Z environment is de�nitely higher [98]. Thus,

the delayed neutron detectors should not be used as a sole solution. Moreover, LINACs

providing high energy Bremsstrahlung photons generate large amounts of photoneutrons

emitted from a conversion target and construction elements, which can be mixed with

the delayed neutrons. In this Chapter results on the delayed neutrons measurements

from photo�ssion of various types of nuclear materials detected with the an 3He detector

will be discussed.

Many bene�ts of the 3He detector, such as the high cross section for thermal neutrons

detection, low sensitivity to γ-rays and good signal-to-background ratio, favor this type

of gas detector in delayed neutron detection. The thermal neutron capture cross section

for the reaction with 3He is 5530 barns and is higher than that for 10B (3848 ±38 b [99])

and 6Li (940 b). Due to the fact that the energy of the delayed neutrons is mainly in

67
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the range of 0.25-0.63 MeV [31], a cylindrical polyethylene (PE) moderator was used in

order to slow down the neutrons and improve the 3He detector e�ciency.

5.1 Delayed neutrons detection using the 3He propor-

tional counter

Measurements of delayed neutrons from photo�ssion were performed in the Siemens

Mevatron KD-2 LINAC facility at NCBJ. Experimental details are in Section 3.3. The

LINAC was working in two modes; the Bremsstrahlung endpoint energy was set to

6 MeV and 15 MeV in separate measurements. The attenuating jaws of the LINAC

were shaped into a rectangle (20 cm Ö10 cm). After the measurements conducted

with the the nuclear material, consecutive measurements of the active background were

performed. An example of registered signals for the irradiated 4.7 kg DU and back-

ground with the 3He detector are shown in Figure 5.1. The LINAC was emitting

Bremsstrahlung photons with an endpoint energy at 6 MeV. The region of interest

is between 190 and 850 keV, where the energy of the reaction products is deposited.

The number of registered counts as a function of distance between detector and DU

for 6 MeV and 15 MeV endpoint photons is shown in Figure 5.2. The measurement

points were �tted with the use of power function (Belehradek model), which is shown

in Equation 5.1:

y = a(x− b)c. (5.1)

The signi�cant increase of the counts from the background is noticeable during

the operation with 15 MeV endpoint photons. It is due to the fact that the photons

generated by 15 MeV electrons on a tungsten (W) target can give rise to photoneutrons

from γ+W reaction. According to [100], for the peak current of 100 mA, the number

of photoneutrons generated on a tungsten target can reach 2.72 × 1010 n/s and 7.69 ×
1010 n/s for 14 MeV and 17 MeV electrons emitted by a LINAC, respectively. It is worth

to emphasize that these values are greater than that for many compact D+D or D+T

neutron generators. For example, a Sodern Genie 16 series D+T neutron generator
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Figure 5.1: Signals recorded with the 3He during measurement of 4.7 kg of DU placed
20 cm from the detector (left picture) and background between a LINAC pulse (right
picture). The uranium block was situated in the beam isocentre.

Figure 5.2: Number of counts recorded for DU and active background registered by the
3He detector as a function of distance from the DU. Two modes of LINAC work were
chosen: Bremsstrahlung photons with an endpoint at 6 MeV and 15 MeV. In most cases
error bars are within the size of the points.
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emits approximately 2 Ö108 n/s. Particularly, photoneutrons can be a serious problem

in border monitoring because of penetrability, higher dose equivalent compared to γ-

rays and neutron deactivation γ-rays after the irradiation. However, photoneutrons

can induce additional �ssion reactions in nuclear materials. Thus, in some cases, can

be useful for Homeland Security applications, for example, for scanning bulky nuclear

waste packages and detection of the delayed neutrons after strong irradiation. As a

consequence of photoneutron emission, the signal-to-background ratio for the beam-o�

technique is worse for the LINAC emitting endpoint photons of 15 MeV, as shown in

Figure 5.3. On the other hand, it is important to emphasize that the number of 6 MeV

photons able to induce photo�ssion is de�nitely lower than that when using the LINAC

working at 15 MeV.

Figure 5.3: The signal-to-background ratio for the measurements with the 4.7 kg DU
with 6 MeV and 15 MeV endpoint photons as a function of the nuclear material -
detector distance.
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5.2 Experimental results and an MCNPX simulations

of the 3He response to neutrons

In general, the comparison of simulations with experimental results provides good

basis for the further development of more complex systems, allowing for the mini-

mization of potential mistakes, reduction of costs and simpli�cation of the e�ciency

estimation for larger detection systems. At the beginning, in order to detect the de-

layed neutrons with good e�ciency, the calculation of polyethylene shielding must be

calculated. Using the MCNPX code, the optimal thickness of the PE was calculated to

be 5.5 cm. In order to absorb the thermalized neutrons from the environment, the PE

moderator was covered with 1 mm Cd foil.

The motivation of the presented study is to simulate the 3He response to neutrons

from 252Cf and compare the results with the experiment with the best possible accu-

racy. The experimental result and the simulated response of the 3He detector to the
252Cf neutron source are presented in Figure 5.4 [101]. The simulated response is in

Figure 5.4: Simulated and experimental response of the 3He detector to neutrons from
the 252Cf source. Both spectra are normalized to one neutron source [101]. The e�ciency
to delayed neutrons for the 4.7 kg of DU was also calculated.
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a raw form, meaning that the spectrum was not broadened by the contribution of the

electronic noise. Additionally, e�ciency of delayed neutron detection from the 4.7 kg

DU was also simulated, showing slightly better e�ciency compared to that obtained for
252Cf. This is due to optimization of the PE cover of the detector, which is dedicated

to the delayed neutron detection. Within the 3He(n,p)T reaction, the tritium T and

proton can fully deposit their energies in the detector, then, the peak at 764 keV is no-

ticeable. In some cases, the p or T (or both particles) can reach the detector walls and

decrease the amount of deposited energy into the signal amplitude - this phenomenon

is known as a "wall e�ect". The performed simulations showed that the detection ef-

�ciency in the integrated energy gate for the full deposition peak, between 710 and

800 keV, is identical to that from the experiment. The total e�ciency in the whole

energy range is lower and was calculated to be about 35% of that from the experiment.

It is supposed that the wall e�ect is not well simulated in the MCNPX code or there

are other e�ects on the 3He detector, which were not included in the simulation. This

phenomenon should be investigated in the future.

5.3 Summary

As presented in this Chapter, the 3He is a very e�cient medium for photo�ssion

delayed neutrons detection. It was possible to measure the delayed neutrons from 4.7

kg of DU with use such a low endpoint energy as 6 MeV and dose rate of 40 (cGy / (min

Ö m)). The NCBJ Fast Preampli�er allowed to measure the delayed neutrons between

LINAC beam pulses, with the duty factor better than 50 %. Despite of the fact that

the shortening of the preampli�er relaxation time resulting in electronic noise increase,

it was still low enough to discriminate γ-rays and neutrons before the beginning of the

191 keV triton wall e�ect. It was also showed that the signal-to-background ratio for a

LINAC working at 6 MeV mode is better than that for 15 MeV due to signi�cant contri-

bution of photoneutrons from the LINAC target and construction materials. However,

9 MeV LINAC seems to be the best solution for the detection of delayed neutron after

photo�ssion of nuclear materials. This is due to the larger amount of photons covering

the photo�ssion cross section.



Chapter 6

Detection of prompt neutrons emitted

from nuclear materials

Due to the two order of magnitudes yield ratio of the emission of the photo�ssion

prompt neutrons and that of the delayed neutrons, the detection of the prompt neu-

trons emitted in the reaction of photo�ssion seems to be more e�cient and a promising

solution for SNM detection. Due to higher mean prompt neutrons energy, the method

could be well-suited for detection of shielded SNM inside cargo containers. Over the

last few years, detection of fast neutrons by means of 19F activation in the scintilla-

tor medium triggered considerable interest in the �eld of Homeland Security. In this

dissertation, the fast neutron detection technique will be based on TAD, which was

proposed in order to detect prompt neutrons emitted due to photo�ssion of Special

Nuclear Materials (SNMs) [61, 63]. The performance of this technique for EJ-313 and

BaF2 scintillators was veri�ed in [14]. Due to an 19F(n,α)16N or 19F(n,p)19O reaction

with an e�ective neutron energy threshold of 2.5 MeV [62], it is possible to determine

the presence of nuclear material via registering β particles from 16N and 19O decay

with a half-life of 7.1 s and 26.9 s, respectively [96]. In this PhD dissertation �5" Ö

3" EJ-313 liquid �uorocarbon, as well as �2" Ö 3" BaF2 scintillators were exposed to

neutrons from both a 252Cf source and a Sodern Genie 16 GT DT neutron generator in

order to compare the number of counts originated by β− particles carrying maximum

energy of 10.4 MeV.
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An EJ-313 scintillator is based on highly puri�ed hexa�uorobenzene, so the amount

of hydrogen in the scintillator content is very low (1.02 × 1020 per cm3, according to

the datasheet [68]). The �uorine/hydrogen (F/H) ratio is about 308, thus, the proba-

bility of neutron scattering of hydrogen, resulting in neutron energy decrease below the

activation threshold, is signi�cantly limited. After background subtraction of the 252Cf

energy spectra and integrating the counts in the energy range between 6.0 and 10.5

MeV, detection e�ciency of fast neutrons by means of 19F activation and characteristic

β− particle emission for the mentioned scintillators can be estimated.

The research for another solution for prompt neutron detection is motivated by the po-

tential application of inorganic scintillators, i.e. BaF2, and novel organic materials, i.e.

�uorine-based plastic scintillator. These detectors can be also supportive for detection

of delayed γ-rays. Additionally, in the case of a BaF2, the presence of α impurities

in the BaF2 medium can be exploited for energy self-calibration of the detector. The

energy of the peaks from α emission in BaF2 scintillators were described in [102], the

7.7 MeV peak was ascribed to emission from 214Po. However, due to the interaction

with a scintillator, part of the α particle energy is transferred to non-radiative processes

and only a fraction of the light from ionization is emitted. This e�ect is known as scin-

tillation quenching [103]. Thus, the observed centroid position of the α-peak is shifted

towards lower energies.

6.1 Estimation of the photoelectron yield

The set of used scintillators for prompt neutron detection is showed in Table 6.1.

The Table also contains the number of photoelectrons per one MeV of γ-ray energy,

measured by means of single photoelectron method introduced by Bertollacini et al. [82]

and described in detail in Section 3.4.

According to the data presented in Table 6.1, it can be seen that EJ-313 gener-

ates about 8.7 times lower amount of photoelectrons per one MeV in comparison with

BC-408 of the same size coupled to the same PMT. The estimated number of photo-

electrons per MeV (phe/MeV) of � 5" EJ-313 coupled to the Electron Tubes 9390KB

(ET9390KB) was 190 ± 20 phe/MeV. The smaller � 2" EJ-313 coupled to the Hama-
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matsu R6233 PMT yielded the number of photoelectrons 230 ± 20 phe/MeV and is

slightly greater due to better quantum e�ciency (QE) of the Hamamatsu PMT than

that of ET9390KB. The similar values of Nphe/MeV of these two EJ-313 samples con�rm

the low light attenuation in the scintillator medium and reasonable uniformity of the

ET9390KB PMT photocathode. The Hamamatsu R6233 PMT o�ered better QE, it

means that it converts photons into photoelectron more e�ciently than the ET9390KB.

Despite the lower photoelectron yield, it is still possible to detect γ radiation with en-

ergy as low as 300 keV, still above the electronic noise. From the point of view of high

energy β− particles detection, carrying energy up to 10.4 MeV, the photoelectron yield

is pretty enough for application in prompt neutron detection by means of an n + 19F

reaction. The photoelectron yield of smaller BC-408 coupled to Photonis XP5500B

PMT having high QE was measured by Swiderski et al. [104], whereas the photoeletron

yield of BaF2 scintillators were already reported in the early 1980's. Measurements of

BaF2 scintillators were performed with a standard PMT with a bialkali photocathode

and a borosilicate entrance window [105] as well as a PMT with Vacuum Ultraviolet

(VUV) transparent windows, such as quartz [106] and MgF2 (sapphire) [107]. Due to

the fact that the BaF2 scintillator partially emits light in the VUV range, the measured

photoelectron yield is greater when the PMT with quartz or sapphire entrance window

is used. However, the wavelength of maximum emission intensity of BaF2 is situated

at 310 nm. It is related to the slow decay component, in which 80 % of the total light

yield from the BaF2 scintillator is emitted. The performance of the BaF2 coupled to a

standard PMT is appropriate for recording the β− continuum and delayed γ-rays for

the application in the TAD technique.

Table 6.1: Scintillators and photodetectors used in the prompt neutron detection ex-
periments.

Scintillator Size Used PMT Nphe/MeV
EJ-313 �5" Ö 3" �130 mm ET9390KB 190 ±20
EJ-313 �2" Ö 2" �3" Hamamatsu R6233 230 ±20
BaF2 �2" Ö 3" �2" EMI with borosilicate glass 700 ±70
BC-408 �5" Ö 3" �130 mm ET9390KB 1650 ±160
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6.2 Response to 252Cf neutron source and observation

of β− decay events from the n+19F reaction in EJ-

313 and BaF2 scintillators

A calibrated 252Cf source, emitting 57000 n/s on the day of measurement, was used

to estimate the neutron detection e�ciency by means of TAD technique. The 252Cf

source were placed 15 cm from the detector and data were taken with and without 5

cm thick Pb shielding. During measurements BaF2 was positioned in side-on and front-

on orientation with respect to the 252Cf source, whereas EJ-313 was placed only in the

front-on position. The 252Cf source can be considered as a good simulator of prompt

�ssion neutrons [62], with an average neutron energy of 2.348 MeV [56]. The energy

spectra acquired within 12 h for EJ-313, BaF2 and BC-408 (without 19F) are shown

in Figure 6.1. The continuum structures originating from β− decays with endpoint of

10.4 MeV are clearly visible in � 5" × 3" EJ-313 and the BaF2 spectra. The spectrum

from the β− with endpoint of 4.3 MeV is also visible for the EJ-313 scintillator.

Figure 6.2 (top) shows an excess of counts in the energy range of 6.0 - 10.5 MeV

measured with the EJ-313 and BaF2 due to the reaction of neutrons with 19F. The

spectrum obtained using �5" × 3" BC-408 was also included as a reference, showing

the contribution of pulses in the range between 6.0 and 10.5 MeV apart from the events

based on the 19F threshold of neutron activation. Figure 6.2 (bottom) shows the ben-

e�t of counts for the side-on oriented BaF2 instead of the front-on orientation, which

suggests that e�ciency of TAD detector is strongly dependent on the geometrical solid

angle. Correcting the obtained spectra by background subtraction resulted in an al-

most pure contribution of β− particles between 6.0 and 10.5 MeV. However, use of a

continuously emitting radioactive source can bias the results with a contribution of high

energy γ-rays from the neutron capture and scattering of Ba, C and F nuclei present

in the scintillators. The high energy γ-rays from 252Cf are prompt and delayed γ-rays

as well as those coming from α decay of impurities inside the scintillator. Details will
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Figure 6.1: Energy spectra of 5 cm lead shielded 252Cf source acquired with EJ-313
and BaF2 scintillators together with recorded background. The spectra of BC-408 were
included as a reference.

be presented in Sections 6.4 and 6.5 dedicated to the measurements of the neutrons

response of the BaF2 and EJ-313 scintillators with the use of the D+T neutron genera-

tor. It allows to reduce the contribution of activation background from the scintillators

and structural materials.

Particularly, using the calibrated 252Cf source, it is possible to roughly estimate the

neutron detection e�ciency for the investigated scintillators in the energy range be-

tween 6.0 and 10.5 MeV. In general, the detection e�ciency can be described as shown

in Equation 6.1:

ε =
S

Ω× A× t×B
, (6.1)

where S stands for the net number of counts in the energy range of 6.0-10.5 MeV, Ω

is a solid angle, A is the total number of neutrons emitted from the 252Cf in 4π, t is
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the time of measurement and B is the branching ratio of the given reaction. For the
19F(n,α)16N reaction, the intensity of the branch that results in pure β− emission with a

maximum energy of 10.4 MeV is 28%. The calculations were performed for the geometry

mentioned above, results are presented in Table 6.2. The estimated uncertainties were

obtained from standard deviations of the average value of counts, taking solid angle

and energy calibration into account.

Figure 6.2: Energy spectra of 5 cm lead shielded 252Cf source acquired with EJ-313
and BaF2 scintillators after background subtraction (top). The gray-colored energy
window indicates the region of spectra integration between 6 and 10.5 MeV, related to
19F activation. The spectrum of �5" × 3" BC-408 plastic was included as a reference.
On the bottom, the bene�t (di�erence) of the counts from the 252Cf source (without
Pb shielding) recorded with the side-on oriented BaF2 after subtraction by the front-on
orientation is shown.
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The BaF2 scintillator exhibited signi�cantly better incident-to-registered (intrinsic)

neutron detection e�ciency than the EJ-313 in the range between 6.0 and 10.5 MeV.

This is due to the absence of hydrogen atoms in the crystal lattice and the much shorter

range of electrons from 16N and 19O β− decays in BaF2 medium, which are the signatures

of interaction with fast neutrons of energy above 2.5 MeV. According to the CSDA range

calculation [69], the range of 10 MeV electrons in the EJ-313 medium is about 30 mm.

Thus, the probability of such an electron reaching the detector wall is higher than in the

case of the BaF2, so the pulse-height distribution in EJ-313 should favor lower energy

events than in BaF2, as Figure 6.1 indeed shows. In the case of smaller �2" Ö 2" EJ-

313 it was hardly possible to observe the excess of counts above the background during

measurements with the 252Cf source, thus, for comparing e�ciencies, only the larger

EJ-313 was taken into account. Furthermore, the number of registered β− particles

signi�cantly increases when the BaF2 is placed in the side position instead of the front.

Overall, due to the lower volume of the BaF2 (compared to the EJ-313), the number of

registered β− particles is at least 50% lower.

Neutron detection e�ciency obtained from the experiment with Pb shielding showed

a decrease of the events in the energy region of 6.0 - 10.5 MeV by a factor of 2, see

Table 6.2. This is due to the fact that the Pb strongly scatters the neutrons due to

high Z-value and attenuates potential γ-rays from the �ssion of 252Cf. The number of

Table 6.2: Neutron detection e�ciency of the investigated detectors, measured with
252Cf in a gated energy region from 6.0 to 10.5 MeV. The 252Cf source was placed 15 cm
from the detectors. The signal above the background for � 2" × 2" EJ-313 was barely
visible and was thus not included in the table.

Detector Ω (%) Counts with
5 cm Pb

E�ciency(%)
(with Pb)

Counts with-
out Pb

E�ciency(%)
(without
Pb)

� 5" EJ-313 4.5 24000 ± 1200 0.08±0.01 52000±2400 0.18±0.01
� 5" BC-408 4.5 2900±300 � 6200±310 �
BaF2 (side-on) 1.4 11400±600 0.13±0.01 23200±1200 0.26±0.02
BaF2 (front-on) 0.7 7700±400 0.17±0.01 12400±700 0.27±0.02
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counts, de�ned as IBaF2 / IEJ−313−5”, is 32.0% ± 2.3% and 44.6% ± 3.4% for a front-on

and side-on oriented BaF2, respectively. Using an MCNPX simulation, it will be shown

in the next Section that in the front-on geometry the contribution of γ-rays to the β−

events is approximately 10.3% for the BaF2 crystal.

6.3 Simulations of the BaF2 response to neutrons from

252Cf source

The computer simulations of the front-oriented BaF2 to neutrons from a lead shielded
252Cf source were performed using an MCNPX code by CEA LIST, Saclay, France. The

geometry for the measurements described in Section 6.2 with 252Cf was reconstructed.

The values of neutron energy for the 252Cf source, divided into group strength, were

taken from the ISO 8529-1:2001 speci�cation [108]. The calculated e�ciency for the

5.5-10.5 MeV β− particles is 89.1% ± 0.0004%; such a good e�ciency is due to the

quite high density of the BaF2, resulting in a short range of high energy electrons.

Table 6.3: Comparison of the number of neutrons from 252Cf registered with the BaF2

in the experiment and in simulation. Integration was performed for the energy range
of 6.0-10.5 MeV.

Detector Number of counts
Experiment Simulation

BaF2 front with Pb 7700 ± 400 4900 β− + 380 γ
BaF2 front without Pb 12400 ± 700 7300 β− + 750 γ

The contribution of γ-rays above 6 MeV was estimated as well, and the γ / β− ratio

between 6.0 and 10.5 MeV is 7.7 % and 10.3 % for measurements with and without

Pb shielding, respectively. A comparison of the results from the experiment and the

simulation is presented in Table 6.3, together with the contribution of high energy

γ-rays. The values obtained from the MCNPX simulation follow the experimental

data, however, the number of counts obtained from the simulation is about 35 % lower
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in comparison with the experiment. This could be due to the fact that during the

experiment the γ-rays emitted from the scintillator and structural materials can give

an additional contribution in the high energy region, as it will be presented in Section

6.4.

6.4 Activation of BaF2 and EJ-313 with a D+T neu-

tron generator

As mentioned in Section 6.2, the experimental results obtained with the use of the
252Cf source contain unrequired events due to the registration of the high energy γ-rays.

The high energy γ-rays are emitted from the products of 252Cf spontaneous �ssion as

well as from the scintillators due to neutron scattering and capture reactions. Thus, in

order to minimize the contribution of high energy γ-rays from the induced background

and reduce the acquisition time, the out-of-beam measurements using a Sodern Genie

16GT deuterium+tritium (D+T) neutron generator were performed. The neutron �ux

was set to about 0.3 × 108 n/s in 4π. The �2" × 3" BaF2 and �5" × 3" EJ-313

Figure 6.3: The TAD spectra of BaF2 and EJ-313 recorded with the D+T neutron
generator.
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scintillators, placed at the distance of 50 cm from the deuterium target, were exposed

to 14.1 MeV neutrons during 120 s. Then, the data was recorded for 60 s and the

signatures emitted from 16N and 19O were measured. The TAD spectra obtained after

neutron activation of �2" × 3" BaF2 and �5" × 3" EJ-313 scintillators were shown

in Figure 6.3. Six consecutive spectra were summed in order to obtain better statistics

and minimize the uncertainties. Spectra were binned in order to show statistics per

each 100 keV bin. When the TAD measurements with the D+T neutron generator

were �nalized, six consecutive background spectra were also recorded and summed.

The hump in the energy range between 5 and 7 MeV, visible in the BaF2 spectrum,

can be ascribed to registration of γ-rays related with the activation of Ba isotopes. As

it will be presented in Section 6.5, the Ba activation need to be further investigated.

The background contribution to the total counts between 6.0 and 10.5 MeV is 1.6% and

2.3% for BaF2 and EJ-313, respectively. According to Equation 6.2, the relative number

of counts between 6.0 and 10.5 MeV Irel for these two scintillators was estimated to be:

Irel =
IBaF2

IEJ313
= 39.3%± 1.4%, (6.2)

For the measurements with the D+T neutron generator, the relative number of

counts Irel recorded between 6.0 and 10.5 MeV was estimated to be 39.3% with the

statistical uncertainty of 1.4 %. The value is about 10% lower than that obtained with
252Cf (see Section 6.2) due to the contribution of high energy γ-rays emitted by the

source and continuous work through 12 h, resulting in possible excitation of the Ba and

F nuclei by neutrons during measurements. Nevertheless, the results obtained with the

D+T neutron generator and 252Cf are in reasonable agreement. A particular advantage

of the 252Cf source is that the energy of emitted neutrons is very similar to that from

induced �ssion in nuclear materials. Thus, measurements with a 252Cf source can be

applied for rough estimation of the �uorine based scintillators detection e�ciency in the

energy range between 6.0 and 10.5 MeV. However, the number of emitted neutrons from
252Cf is signi�cantly lower than that emitted by the D+T neutron generator and the

neutrons are emitted continuously, resulting in activation the background during data

acquisition. Thus, the relative e�ciency measured with the D+T neutron generator

operated at the pulsed mode is more reliable than that obtained with the 252Cf source.
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6.5 Activation background of BaF2

Neutrons emitted by the source, such as a D+T neutron generator or LINAC (pho-

toneutrons), can be scattered or captured by the scintillator or structural materials,

resulting in the emission of high energy γ-rays. Basing on the NNDC Chart of Nu-

clei online database, it is known that excited Ba nuclei have energy levels up to 9.1

MeV [79]. Some deexcitations of Ba nuclei result in the emission of γ-rays in the region

of 4-5 MeV, but for the 9.1 MeV level the deexcitation process in 136Ba is not known.

The neutrons scattered of 19F can also excite the nuclei, resulting in the emission of

γ-rays with energy up to even 10 MeV.

In order to activate the BaF2 scintillator, a Sodern GENIE 16GT D+T neutron gen-

erator was also used. The neutron generator was working in pulsed mode, with 5 ms

beam-on and 25 ms beam-o� settings. The γ spectra from the BaF2 and background

were acquired only during the 25 ms beam-o� time window with the use of an Ortec

Figure 6.4: γ-ray spectra recorded by the HPGe from the activation of BaF2 detector
and background with the D+T neutron generator. Spectra were showed between 200
and 2000 keV. The 661.7 keV γ line from 137mBa was observed.
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HPGe semiconductor detector model GMX60P4-83-CW (relative e�ciency of 60%, en-

ergy resolution of 2.3 keV at 1.33 MeV). The BaF2 scintillator, placed 40 cm from the

tritium target, was situated in the vicinity of the HPGe. The γ-ray spectra shapes from

BaF2 and background in the energy range between 200 and 2000 keV, registered for 300

s, are presented in Figure 6.4. The greatest number of counts in the whole energy range

was observed when the BaF2 detector was located on the measurement site. Moreover,

the peak at 661.7 keV was clearly visible due to a 137Ba(n, n'γ)137mBa and 137Ba(γ,

γ')137mBa isomeric transition (IT) reaction. It strongly suggests that the neutrons cap-

tured or scattered on the Ba or F can result in additional background signal up to 10

MeV, as shown in Figure 6.5.

Figure 6.5: Activation spectra recorded by the HPGe from the BaF2 detector and
background between 5.5 and 10 MeV. The number of counts in the range between 6.5
and 10 MeV was also included. Both spectra show γ-rays from 16O levels which can be
generated by F activation or > 10.2 MeV neutron activation of 16O.

6.6 Photo�ssion prompt neutrons detection with the

use of BaF2 and 9 MeV LINAC

As stated in Section 6.2 and 6.4, prompt photo�ssion neutrons can be detected

in a TAD detector by means of activation of atomic nuclei of a material that emits

characteristic β− particles and γ-rays. It is important to know other contributions to
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the photo�ssion prompt neutron spectrum in the range of 6.0 - 10.5 MeV:

1. The fraction of delayed γ-rays above 6 MeV from �ssion of �ssionable materials.

During measurements with 252Cf it was estimated that this fraction is around

10%.

2. Photoneutrons emitted from the construction materials and environment during

LINAC operation [17].

3. High energy γ-rays emitted by scintillators due to their activation by neutrons

slowed down after the beam pulse.

4. Summed pulses originated from consecutive photons or particles that deposit en-

ergy in the detector within a very short time interval (so called pile-ups).

5. It was emphasized in [62] that the 19F(n,γ)20F reaction, with no threshold, can

occur in the scintillators based on 19F. This reaction results in emission of 5.39

MeV β− and 1.63 MeV γ-rays in coincidence, which theoretically can create an

inherent background up to 7.02 MeV. However, 5.39 MeV is the β− endpoint

energy and the probability of β− particle emission with energy above 5 MeV

signi�cantly decreases. Moreover, 1.63 MeV γ-rays can also deposit only part of

their energy via Compton scattering. The average energy of the beta particle from

an 19F(n,γ)20F reaction is 2.48 MeV, thus, the deposition of energy above 6 MeV

through this reaction is notably limited. As shown in [62], after activation of a

large EJ-313 scintillator with a deuterium+deuterium (D+D) neutron generator,

the counts above 6 MeV from the 19F(n,γ)20F reaction after summing the 30

consecutive measurements were not observed.

6. Natural background contribution to the measured spectra in the high energy

range, such as cosmic rays (protons and muons).

All the photo�ssion measurements included in this Section were performed with a

Varian LINATRON M9 LINAC. In Figure 6.6 recorded spectra from the �2" × 3"

BaF2 detector after 60 s irradiation of 1.2 kg DU with high intensity at a beam rep-

etition rate of 385 Hz and high dose rate of 30 Gy/(min Öm) are shown. Spectra
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Figure 6.6: Spectra recorded from active background and 1.2 kg of depleted uranium
without shielding, recorded after 60 s irradiation with dose rate of 30 Gy/(min Ö m).
�2" Ö 3" BaF2 scintillator was used as a detector.

were measured during 60 s after the irradiation stop. In each spectrum, counts were

integrated within the energy range between 6.0 and 10.5 MeV and binned in order to

show the statistics per each 1 MeV bin. The binning was performed in order to improve

the visualization of the counts in the higher energy range. According to the passive

measurements with 252Cf, in all measurements the side-on position of the detector was

chosen for better detection e�ciency. The dose rate was set to 30 Gy per minute at

1 meter. The contribution of prompt neutrons was analyzed in the range between 6.0

and 10.5 MeV, based on an activation of 19F and registering the β− particles from the

consecutive decay of 16N. For this measurement mode, the signal-to-background ratio

is about 12. The number of counts after irradiation of the nuclear material was 216 ±
16. When the DU was removed, the number of counts from the active background was

18 ± 4, as showed in Figure 6.7.

In Figures 6.8, 6.9 and 6.10 the responses of 2"× 3" BaF2 scintillator to photo�ssion-

induced 1.2 kg DU in the beam-o� mode are presented. In this case, the Varian LINA-

TRON was working in beam-o� mode, provided dose rate of 4 Gy/(min Ö m) and beam
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Figure 6.7: Number of counts from background and 1.2 kg of depleted uranium with
and without shielding after 60 s of irradiation with a dose rate of 30 Gy/(min Ö m).
Then, the irradiation was stopped and the spectrum was recorded during 60 s. �2" Ö
3" BaF2 scintillator was used.

frequency of 33 Hz. Initially, the nuclear material was not shielded (Figure 6.8), then

5 cm of lead was placed in front of the nuclear material (Figure 6.9). In the third irradi-

ation the 5 cm Pb was replaced with 10 cm polyethylene (PE), see Figure 6.10. In each

mode the spectra are the sum of three consecutive measurements in order to increase

the statistical accuracy. After integrating the energy range between 6.0 and 10.5 MeV,

the β− particles from 16N related to prompt neutron events are obtained together with

secondary e�ects introduced at the beginning of this section. The number of counts

between 6.0 and 10.5 MeV for various shielding materials is presented in Figure 6.11.

During tests with the unshielded DU the number of counts exceeded the background

by a factor of 2.8. It can also be seen that the statistical counts decreased by 21% and

28% (compared to the unshielded case) when lead or PE was used, yielding a signal of

2.2 and 2.0 above the background level, respectively.
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Figure 6.8: Spectra of active background and 1.2 kg of depleted uranium without
shielding, recorded during 120 s beam-o� inspection and binned in order to show the
event statistics in each 1 MeV bin. Three consecutive measurements were summed.

Figure 6.9: Spectra of active background and 1.2 kg of depleted uranium with 5 cm
Pb, recorded during 120 s beam-o� inspection and binned in order to show the event
statistics in each 1 MeV bin. Three consecutive measurements were summed.
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Figure 6.10: Spectra of active background and 1.2 kg of depleted uranium with 10 cm
PE, recorded during 120 s beam-o� inspection and binned in order to show the event
statistics in each 1 MeV bin. Three consecutive measurements were summed.

Figure 6.11: Number of counts from background and 1.2 kg of depleted uranium with
and without shielding, recorded during 120 s inspection using the beam-o� technique
for events in the range between 6.0 and 10.5 MeV.
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The measurements of prompt neutrons from photo�ssion by means of the TAD tech-

nique showed similar tendency with the measurements performed with a 252Cf neutron

source. The number of counts, relative to the unshielded case, decreased by 21% after

placing the Pb shielding behind the nuclear material. The shielding e�ect was even

greater for the measurements with 252Cf and is due to the scattering of the neutrons on

the high Z-value Pb shielding, which was placed close to the detector and 252Cf source.

In the geometry set for the present study, better event statistics between 6.0 and 10.5

MeV were acquired via out-of-beam mode. For this method, more intense beams can

in principle be applied, resulting in a higher rate of photo�ssion-induced events and

lower contribution of active background. In contrary to the out-of-beam mode, the

e�ciency of the beam-o� technique was hampered by the achievable duty factor of the

pulse beam sequence (21 ms of recovery time after a beam pulse, followed by a 9 ms

data-acquisition window) and the lower dose rate provided by the LINAC. The lower

signal-to-background ratio can be related to additional background contributing to the

total counts in the energy range between 6.0 and 10.5 MeV. The TAD technique can be

very useful for shielded nuclear material detection, as shown in Figure 6.9, where the

contribution of the delayed γ-rays to the spectrum was strongly suppressed. However,

the TAD technique should be further studied with respect to detection of nuclear ma-

terials in the presence of a low-Z environment, where some of the prompt neutrons can

be scattered of hydrogen, resulting ub reduced neutron energy below the 19F activation

threshold.

6.7 Novel �uorine-based plastic scintillator for fast

neutron detection

Recent studies con�rmed that large volume EJ-313 and BaF2 scintillators are good

candidates for the TAD technique aiming at the detection of �ssion prompt neutrons

by means of �uorine activation. However, two main drawbacks appear concerning their

potential use: toxicity and low �ashpoint of the former one and signi�cant increase in

the price with detector volume in the latter case. These disadvantages were motivations

for searching for a new solution in this domain. The investigation was conducted within
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POLONIUM 2013 - 2014 collaboration program between NCBJ and CEA LIST, Saclay,

France.

First assumption was to use a plastic scintillator, that usually have a low production

price and high volume. The next point was to �nd a chemical solution containing a

signi�cant amount of �uorine which can be easily polymerizable. Mixing these two

conceptions a new type of scintillator was prepared - a �32 mm Ö 4 mm �uorine-based

plastic scintillator (F-plastic) [15], containing 3.73 × 1022 F atoms/cm3, comparable to

that of the liquid �uorocarbon scintillators, like EJ-313 or BC-509.

6.7.1 Scintillator preparation

Before preparing the sample one has to choose of the �uorine matrix. The ideal

solution seems to be applying the homopolymer of poly(per�uorostyrene). Though this

polymer already exists (CAS number 26838-49-3), its preparation is not compatible for

scintillation purposes as it requires such harsh conditions as glow discharge or High

Pressure and High Temperature (HPHT) conditions, typically 11.500 atm and 155 �

in the presence of γ-rays) [109]. Therefore, we turned our attention to a lesser F-

content, but polymerizable compound, namely 2,3,4,5,6-penta�uorostyrene (see Figure

6.12), which is known to be able to polymerize by radical initiation [70,71]. In the case

of the penta�uorostyrene, the free radical is CH3. Radical initiation is a process rely-

ing on adding a speci�c substance which creates radical species under mild conditions

(pressure, low heating temperature, illuminating with UV light) and promotes radical

reactions. In general, a free radical is such an atom, molecule or ion, which has un-

paired valence electrons. These unpaired electrons make free radicals highly chemically

reactive towards themselves or other substances. It encourages further polymerization

of materials, giving �nally, for example, plastic scintillator.

The �rst produced sample with � 32 mm and 4 mm height was successfully prepared

from the thermal polymerization of penta�uorostyrene containing two dyes suitable for

scintillators. Due to a signi�cant loading of �uorine, density of 1.55 g/cm3 was reached,

likely making the F-plastic the densest plastic scintillator ever reported. With the re-

cent heavy plastic scintillators, loads with 10% Pb [110], [111] and 17% Bi [16], and

density of 1.12-1.20 g/cm3 and 1.35-1.39 g/cm3 were achieved at most, respectively.
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Figure 6.12: Various �uorine containing matrices.

6.7.2 Emission spectrum

Front-face �uorescence spectrum of the F-plastic displays a trident-style emission

spectrum with the maximum close to 415 nm (see Figure 6.13). A small shoulder ap-

pearing at 360 nm depicts that the Förster energy transfer between the primary and the

Figure 6.13: Steady-state emission (red) and radioluminescence (black) spectra of F-
loaded plastic scintillator (F-plastic).
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secondary dye is not complete. However, radioluminescence canceled this assumption

as the full spectrum of the secondary �uorophore is clearly visible, and the resulting

luminescence is now centered at 425 nm.

6.7.3 Scintillation decay time, light output and non-proportional

response of the F-plastic scintillator

A basic study of scintillation performance including light output, scintillation decay

time and non-linear response to γ-rays, was performed before further tests with neutrons

sources. A same-size EJ-200 PVT plastic scintillator was used as a reference due to its

high light output (10000 ph/MeV), fast response (1.9 ns) and the fact that it does not

contain �uorine atoms [112].

The decay time of the light pulse for the F-plastic was estimated to be close to 3.0 ns.

Under the same measurement conditions, i.e., average recording of 10,000 waveforms

obtained from the irradiation of the sample with a 54Mn source and signal recorded

with a Tektronix TDS5054B oscilloscope, the EJ-200 displayed a decay time of 1.9 ns,

which is consistent with the supplier's datasheet [112].

The estimation of the number of photoelectrons was identical to that performed

for EJ-313, BaF2 and BC-408 scintillators and is based on the technique called the

single photoelectron method. For good system geometry, when a scintillator diameter

is not larger than a window of the spectroscopy PMT and when the PMT's response

as a function of the wavelength is well calibrated, it is possible to derive the absolute

light output of the scintillator, expressed in photons per MeV (ph/MeV). The value

can be obtained by dividing the number of photoelectrons per 1 MeV (Nphe/MeV ) from

Equation 3.1 by averaging the convolution of the PMTs QE and the normalized emission

spectrum of the scintillator:

Nph/MeV =
Nphe/MeV∑

QEPMT (λ)×Isc(λ)∑
Isc(λ)

, (6.3)

The tested plastic F-plastic and EJ-200 scintillators were irradiated by 661.7 keV

γ-rays from a 137Cs radioactive source. Then, the number of photoelectrons that are

generated in the PMT was estimated by comparing the position of a 477.3 keV Comp-
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ton edge at 80% of its height with the position of the single photoelectron peak. After

correction by an integral QE, the estimated number of photons for the �uorine-based

plastic scintillator is 3100 ± 300 ph/MeV, approximately 30% of what the EJ-200 plas-

tic scintillator can produce.

As already stated by John Birks several decades ago [113], organic scintillators emit

less light per unit energy after interaction with γ-rays of lower energy. This so-called

non-proportionality of the scintillator response to incoming γ radiation is herein ob-

served [104, 114, 115]. It results in signi�cant light output deviation from 60 to 1536

keV for the both F-plastic and EJ-200 scintillators. Figure 6.14 presents the data

recorded in that energy range, where scintillators were exposed to 241Am, 22Na, 137Cs

and 207Bi γ sources. Particularly, the non-proportionality curve of the scintillator is

normalized to the unity for the value of light output for 661.7 keV γ-ray 137Cs. The

shape of the non-proportionality curves is actually identical with that investigated for

BC-408 PVT plastic scintillator [114], equivalent to the EJ-200.
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Figure 6.14: Non-proportionality vs. Compton edge energy for F-loaded and EJ-200
plastic scintillators (normalized to a Compton edge at 477.3 keV corresponding to 661.7
keV full energy peak from 137Cs).
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6.7.4 Response to neutron sources

The response of the F-plastic and EJ-200 scintillators to fast neutrons was measured

with 238PuBe and 238PuC sources, which were shielded by a 5 cm thick lead brick in

order to minimize the detection of γ-rays from these sources. Energy calibration was

performed using 22Na and 137Cs γ sources with initial activity of a few hundred kBq.

The measurement system for spectra analysis was identical to that used for light output

estimation. In Figure 6.15, the relative responses of the F-plastic and EJ-200 plastic

scintillators to the unshielded 238PuBe source are presented. The di�erence in spectra

shapes for these two scintillators is clearly noticeable, as the F-plastic contains lower

amount of hydrogen. It results in lower amount of events related with the neutron

scattering on hydrogen and generation of recoiled protons. Moreover, in the case of

F-plastic, part of events were observed in the range above 6.5 MeV, suggesting that the

deposition of energy by β− particles after 19F activation occurs.

The background spectra for each scintillator were also measured. The measurement
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Figure 6.15: Comparison of the 238PuBe spectra recorded with EJ-200 and F-plastic
scintillators without Pb shielding.
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Figure 6.16: Response of EJ-200 and F-plastic scintillators to 238PuBe and 238PuC
neutron sources shielded with 5 cm of lead.

time was as long as 12 h. The same measurements were performed with the 238PuC

source, emitting neutrons carrying lower energy, in order to compare the spectra shape

to that obtained with 238PuBe source. Obtained plots for the neutron sources were

summarized in Figure 6.16. The smaller amount of counts in whole energy range for

the F-plastic is the result of the much lower hydrogen content.

To compare the number of fast neutrons events registered in reaction with 19F, the

data from Figure 6.16 were presented in the higher energy region, as it is depicted

in Figure 6.17. The second and third columns of Table 6.4 list the total counts and

background in the high energy region (6.5-10.5 MeV) recorded with the 238PuBe neutron

source. It shows that the F-plastic registered statistically signi�cant net signal with

signal-to-background ratio of about 1.8, contrary to the EJ-200, where true signal and

background are on the same level. The total number of counts in the wide energy

spectra (i.e. the integral under the curves in Figure 6.15) in whole energy range the

F-plastic is substantially lower than that of the EJ-200 plastic scintillator, as indeed

Table 6.4 shows.
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Figure 6.17: 238PuBe and 238PuC spectra recorded with EJ-200 and F-plastic with Pb
shielding. The spectra on the bottom were binned with 1 MeV step in order to show
the excess of signal. Data are presented in the interesting region of higher energies.

It is plausible that the presence of the higher energy counts in the F-plastic is the

result of (n,α) reactions with the �uorine, which generate electrons with a continuous

energy spectrum up to 10.4 MeV (β− particle spectrum). Even though the detector is

small (32 mm diameter and 4 mm thickness) and the mean free path of the electrons

carrying energy of 10 MeV is about 30 mm, according to the Continuous Slowing Down

Approximation (CSDA) range calculations [69], some of the electrons, including those

with E > 6.5 MeV, can deposit their energy in the detector in few collisions or even

in a single collision. Part of the high energy spectrum of the F-plastic scintillator

is probably also due to its poorer energy resolution compared to that of the EJ-200,

stretching the spectrum beyond 6 MeV, as presented in Figure 6.17. In order to observe

better statistical contribution in this range of energy, future tests with a larger F-

plastic scintillator were conducted to assess the various e�ects. Currently �2" Ö 2"

F-plastic was prepared in CEA LIST, Saclay, France. Spectra of 238PuBe for the �2" Ö

2" F-plastic and same-size EJ-200 were preliminarily measured at the same geometry
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Table 6.4: Number of counts registered between 6.5 and 10.5 MeV with the EJ-200
and F-plastic scintillators during 12 h measurement for each sample with the 238PuBe
source shielded with a 5 cm of Pb. The last column presents the registered rate in the
energy range between 0.15 MeV and 10.5 MeV (both sample have the same size: �32
mm, thickness 4 mm)

Scintillator Total counts Background Total counts/s
EJ-200 44 ± 3 39 ± 3 420
F-plastic 260 ± 20 145 ± 25 224

settings, see Figure 6.18. Although the uniformity of the larger F-plastic scintillator was

poor due to low quality of the base material, the excess of counts in the higher energy

range was observed. Performance of the �2" Ö 2" sample of the F-plastic scintillator

and the response to the fast neutrons from the 252Cf source will be further performed

at NCBJ within the project entitled "the e�ective Container inspection at BORDer

control points" (C-BORD).

Figure 6.18: 238PuBe and spectra recorded with �2" Ö 2" F-plastic and EJ-200 shielded
with 5 cm Pb.



6.7. NOVEL FLUORINE-BASED PLASTIC SCINTILLATOR... 99

6.7.5 Pulse shape discrimination (PSD) performance of F-plastic

The relatively low hydrogen content of the F-plastic compared to the standard

plastics with PSD possibility (e. g. Eljen EJ-299 series) invites the question whether this

scintillator can exhibit pulse shape di�erences, which can be employed to discriminate

between neutron and γ-ray pulses. The neutron pulse shape is determined by the

recoil protons. The prompt products of the fast neutron activation of �uorine (alpha

and proton) do not contribute to prompt detection of the fast neutrons because of

the low interaction cross section (compared with the (n,p) reaction) and the low pulse

height generated by the resulting alpha particles. In the matter of the active inspection

systems, the PSD method can be applied for �ltering the accidental neutrons from

background, including photoneutrons emitted from high energy LINACs. Two neutron

sources were used to study the potential PSD capabilities: 252Cf spontaneous �ssion

source (average energy of 2.348 MeV [56] and a neutron emission rate of 6.6 Ö104

n/s/4π) and a higher energetic 238PuBe source (average energy of 4.3 MeV, with a

high energy tail reaching 10 MeV and a neutron emission rate of 8.2 Ö105n/s/4π).

The sources were shielded with 5 cm lead to reduce the γ-rays emitted by the sources.

The zero-crossing technique, described in [116], was applied in order to measure the

n/γ discrimination capability of F-plastic. Each pulse is digitized and recorded for

further o�ine analysis. The PSD gaussian distribution registered by the Zero Crossing

technique (Z/C) [117] and analyzed o�-line are shown in Figure 6.19. Three energy

cuts with ± 10% of margin were done in order to increase statistics: low (500 keV),

medium (1000 keV) and medium high (1500 keV). The PSD �gure of merit (FOM),

which is de�ned as the centroid di�erence between the Gaussian �tted n and γ peaks

(introduced as Cn and Cγ, respectively) divided by the sums of the full width at half

maximum (FWHM) of each �tted n and γ gaussian distributions as a function of the

pulse height threshold, is shown in Figure 6.20 and can be written as:

FOM =
Cn − Cγ

FWHMn + FWHMγ

. (6.4)

F-plastic exhibits modest PSD capability, which may be bene�cial for higher energy

thresholds. For comparison, EJ-299-33 PSD plastic scintillator presents the FOM value
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Figure 6.19: Pulse shape discrimination plots for the �uorine loaded plastic scintillator.
The scintillator was exposed to neutrons emitted from 252Cf (left column) and 238PuBe
(right column). Spectra were cut at 500, 1000 and 1500 keVee.
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of 0.9 at 120 keVee [117,118]. Such a �gure of merit value can be achieved for F-plastic

only at 3 MeVee.
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Figure 6.20: FOM of the �uorine loaded plastic scintillator exposed to 238PuBe source.

6.8 Conclusions

The paper [14] presents the response of BaF2 and EJ-313 to β− particles emitted due

to 19F activation. The response comparison for the BaF2 and EJ-313 is crucial from the

point of view of a detection system designed for active cargo inspection. The performed

measurements con�rm that EJ-313 is a very attractive scintillator for prompt �ssion

neutron detection. However, with respect to the safety reasons, its low �ashpoint of

10◦C can be a serious limitation for the use of EJ-313 scintillator in some applications.

Thus, BaF2 seems to be an interesting alternative solution for cargo inspection due to

its high density, the short range of high energy β− particles, absence of hydrogen in

the scintillator medium, non-toxicity, non-�ammability and the possibility of perform-
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ing the energy self-calibration based on α impurities. The self-calibration allows for

operation over a broader temperature range and improves the energy calibration sta-

bility. The internal radioactive impurities of BaF2 scintillator give rise to the emission

of α particles at energies up to 7.7 MeV (observed at 3.1 MeV due to light quenching).

These impurities can decrease the scintillator's usefulness in delayed γ-ray registration,

especially with respect to detecting small quantities of nuclear materials. These delayed

γ-rays carry energies even of 5 MeV and higher [13, 98], thus, they overlap the energy

region of the emitted α particles. Measurements showed that the fast neutron detec-

tion e�ciency with 252Cf for both scintillators is below 1%. Moreover, the 5 cm Pb

shielding in front of 252Cf decreases the number of counts in the energy region between

6.0 and 10.5 MeV by 50 %. The relative number of counts for a front and side oriented

BaF2 measured using the 252Cf source is 32.0% ± 2.3% and 44.6% ± 3.4% of that for

�5" EJ-313, respectively. For the measurements with the D+T neutron generator, the

relative number of counts for side-on oriented BaF2 was estimated to be 39.3% ±1.4%

in comparison with �5" Ö3" EJ-313. This result is more reliable than that obtained

after activation with 252Cf due to lower background contribution between 6.0 and 10.5

MeV. Nevertheless, both results for side-on oriented BaF2 activated by 252Cf and D+T

generator are still in reasonable agreement.

Prompt photo�ssion neutron measurements showed good consistency with the pas-

sive experiment based on the 252Cf neutron source. For the out-of-beam measure-

ment, the number of counts from the 1.2 kg DU was about 12 times background level.

The beam-o� measurements of prompt neutrons from photo�ssion carried out without

shielding, then with 5 cm Pb and 10 cm PE also showed that the number of counts

from the 1.2 kg DU sample were 2.8, 2.2 and 2.0 times background level, respectively.

The study also showed that the large volume BaF2 can be a good alternative solution

for detection of prompt neutrons with the TAD technique. However, BaF2 scintillators

are limited in size and will not be available in the size possible to obtain with EJ-313.

Currently, �3" × 3" BaF2 scintillators are commercially available. The price of such 3"

× 3" BaF2 is also higher than that of �5" × 3" EJ-313, however, the price di�erence

is not really signi�cant. The next issue is the activation of BaF2 scintillator by active

background. The neutron capture and neutron scattering of Ba nuclei result in emission
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of the γ-rays, but mostly below 6 MeV. Many more γ-rays with energy above 6 MeV

are emitted from excited 19F, which is present both in BaF2 and EJ-313 scintillators.

Thus, further study will be focused on proper shielding of the scintillator in order to

absorb the slow neutrons below the activation threshold of 19F and optimize of the

measurement technique.

Additionally, compact systems based on hydrogenous scintillators with pulse shape

discrimination (PSD, known also as a n/γ discrimination) for prompt neutron detection

from photo�ssion can be considered and will be brie�y discussed here. Commercially,

a variety of scintillators used for the PSD technique are available: EJ-299 series plas-

tics [117,119�121], large volume stilbene [122], liquid and composite scintillators [116].

A 9 MeV LINAC working at low dose rate of 4 Gy/(min Öm) can be applied for the

compact TAD technique, as presented in this Chapter. In the case of the compact

PSD system, although the fast neutron detection e�ciency is high, the main problem

can be related to the photoneutrons generated with a 9 MeV LINAC, resulting in the

deterioration of the signal to background ratio. As showed in [100], during work with

a LINAC + tungsten converter, emitting Bremsstrahlung photons with an endpoint at

14 MeV, and current of 100 mA, the number of photoneutrons can reach 2.72 × 1010

n/s. The contribution of photoneutrons for such a system can be several decades higher

than that from prompt neutrons. Most of photoneutrons are registered at lower energy

when compared with the prompt neutrons from photo�ssion, and can, in principle, be

discriminated by raising the discriminator level of the liquid (or plastic) hydrogenous

proton recoil scintillator. That means a "soft" adjustable threshold - not very sharp

because of the large �nite pulse height resolution of the scintillator. TAD, on the other

hand, has a well-de�ned threshold, where no neutrons below the energy threshold can

be detected.

The activation energy threshold is a great bene�t of the TAD technique. A LINAC

emitting photons with lower endpoint energy can of course be considered for the PSD-

based system, but a lower Bremsstrahlung endpoint implies a lower amount of photons

available to induce photo�ssion. In the case of a 9 MeV LINAC workin in beam-o�

mode, if the current is high, it will incapacitate the detector during the pulse and

the prompt �ssion neutrons will not be detected. In order to validate the usefulness
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of the PSD-based system for prompt neutron detection with the use of the pulsed

Bremsstrahlung source, further measurements with both TAD and PSD scintillators

having large volumes should be performed using the same geometrical setup.

Concerning F-plastic scintillator, for the �rst time, we were able to prepare a plastic

scintillator which polymer matrix is composed of a high percentage of �uorine. The

fabricated small scintillator sample when exposed to fast neutrons exhibited a spectrum

consisted of a low resolution proton recoil and a high energy tail related with high en-

ergy β− particles from the fast neutron activation of �uorine. The detector also exhibits

very modest n/γ pulse shape discrimination capabilities. In the near future, tests of

a larger F-plastic scintillator (�2" Ö 2") will be performed in order to compare its

e�ciency at β− particle detection with that o�ered by a liquid �uorocarbon scintillator

of the same size.
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Summary

The PhD dissertation summarizes the current techniques applicable for measure-

ments of photo�ssion signatures. It is especially focused on prompt neutron detection

by means of the TAD technique with the use of �uorine based scintillators due to the

fact that the amount of prompt neutrons is two decades greater than that for delayed

neutrons (2-3 prompt neutrons/�ssion vs 0.01 delayed neutrons/�ssion). Currently, �u-

orocarbon (such as EJ-313) and BaF2 scintillators were found to be useful for prompt

neutron detection. However, EJ-313 is based on toxic highly puri�ed hexa�uoroben-

zene (C6F6) and has a low �ash point of 10°C, potentially limiting its application for

Homeland Security. Thus, in collaboration with CEA LIST, Saclay, France, an alter-

native solution based on 19F was introduced - a penta�uorostyrene-based �32 mm Ö

4 mm plastic scintillator (F-plastic), having the F/H ratio of 1.56, which is non-toxic

and non-�ammable. For the prompt neutrons detection by means of the TAD technique

with 19F-based scintillators, the region of interest between 6.0 and 10.5 MeV was chosen

due to the low contribution of radiation to in that energy range to the beta− spectrum

with endpoint at 10.4 MeV. First results showed that the number of counts between

6.0 and 10.5 MeV for F-plastic is greater than that for the standard PVT-based EJ-200

scintillator without �uorine. The �rst �2" Ö 2" F-plastic was also successfully man-

ufactured, and, although its uniformity was poor (due to the low quality of the base

material from the manufacturer), a β− particle structure above 6 MeV was observed in

the energy spectrum. Currently, a next �2" Ö 2" F-plastic sample is under develop-
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ment utilizing base material from another manufacturer. The TAD method, although

it allows the measure of higher-populated prompt neutrons, has a disadvantage related

to its low n+19F reaction cross section. The �xed n+19F reaction threshold of 2.5 MeV

allows for reducing the photoneutron contribution, but, on the other hand, can reduce

the detection e�ciency of SNM shielded by a low-Z materials that decrease the neutron

energy, even below the activation threshold.

On the basis of the performed study, the usefulness of the techniques for SNM

detection presented in this PhD dissertation can be summarized:

� Delayed neutrons - they are a very unique signature of �ssion, however, they carry

low energy and then can be easily attenuated in low-Z environment. Moreover, the

amount of emitted neutrons per �ssion is about 0.01. Such neutrons can be easily

detected with an e�cient 3He gaseous detector, however, due to the shortage

of 3He supplies the price of such detector has drastically increased. Currently

companies are working on optimizations of 6LiF/ZnS(Ag) based detectors for

delayed neutrons detection and this �eld seems to be very promising.

� Delayed γ-rays - the best solution for their detection seems to be the high volume

scintillators, allowing detection of γ-rays by Compton scattering in the scintilla-

tor. Moreover, the plastic scintillators are very cheap. After the photo�ssion of

nuclear material, a lot of variable energy γ-rays are emitted, often carrying ener-

gies very close to each other. Thus, distinguishing of γ-ray full energy peaks from

photo�ssion-induced nuclear materials is possible only with HPGe detectors. The

HPGe detectors can be successfully applied for precise characterization of nuclear

materials composition, as presented in this dissertation.

� Prompt neutrons - the TAD technique with �uorine-based scintillators can be

successfully applied for fast photo�ssion neutron detection, especially when the

nuclear material is shielded, with Pb, which has a high density and Z-value, and

thus, strongly absorbs delayed γ-rays. However, due to the 2.5 MeV energy thresh-

old, in a low-Z environment (wood, polyethylene) part of the prompt photo�ssion

neutrons can fall below the activation threshold.
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Summarizing, at the present it is impossible to indicate the best solution for nuclear

material detection via photo�ssion. The most e�cient border monitoring system should

be composed of all the subsystems mentioned above. A complex border monitoring

system is currently being developed within the frame of the C-BORD project in the

Horizon 2020 (H2020) program. During the research presented in this dissertation many

e�ects were revealed, which require additional studies in the future. At this stage of

study the e�ciency of delayed versus prompt neutron detection techniques of nuclear

materials in a low-Z environment is inconclusive. Moreover, the 6LiF/ZnS(Ag) based

detector has not yet been tested for delayed neutron detection. The TAD technique

based on 19F seems to be a very promising solution for the detection of shielded nuclear

materials, keeping in mind that neutrons are slowed down in low-Z materials present

in a cargo container causing the decrease of the prompt neutron detection e�ciency.

This aspect requires further research. With the TAD detector one can detect delayed

γ-rays, which are weakly attenuated in low-Z environment. These all ambiguities will

be under study during the upcoming years within the C-BORD project and beyond.
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Glossary

ACS - anti-Compton shield - a set of heavy scintillators (for example, BGO) cover-

ing other detector in order to improve the ratio of γ-ray full energy peak to Compton

continuum. This solution is often applied to HPGe detectors or LaBr3:Ce scintillators,

possessing very good energy resolution.

Active background - the radiation background induced by bremsstrahlung photons

and photoneutrons during a LINAC work.

CSDA - continuous slowing down approximation - it is a very close approximation to

the average path length traveled by a charged particle as it slows down to rest.

Beam-o� - the technique of measurement of characteristic radiation for photo�ssion

of nuclear material between the beam pulses from a LINAC.

DDAA - di�erential die-away analysis - this detection technique is based on emission

of neutrons from D+T or D+D generator working on high repetition pulse mode in

order to activate the SNM inside cargo container. The neutrons are moderated inside

hydrogenous content of cargo container and can interact with the SNM. Then, emit-

ted neutrons from nuclear material moderate again in the cargo content and reach the

detector later than prompt γ-rays. The number of registered neutrons distribution in

time after the pulse is called "die-away time".

DU - depleted uranium, 238U. It is a fertile material with a lower content of 235U than

natural uranium. The DU contains less than 0.3% 235U.

Fertile materials (pol. Materiaªy rodne) - a materials which cannot undergo nuclear
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chain reaction, but can be converted into materials which are �ssile by absorption of

fast neutrons and subsequent nuclei conversion. Natural fertile materials are 232Th,
234U and 238U.

FOM - �gure of merit - the parameter describing the quality of pulse shape discrimi-

nation between the peaks from γ-rays and neutrons for a given energy. The parameter

is used to characterize the performance of liquid and plastic organic scintillators in neu-

tron detection.

GARRn - Gamma Absolute Rejection Ratio for neutrons - it is de�ned as the abso-

lute neutron detection e�ciency (εabs γn) in the presence of both γ and neutron sources,

divided by the absolute neutron detection e�ciency (εabs n) of the neutron detector.

IAEA - International Atomic Energy Agency.

Isocentre - a common geometry point of beam axis and axis of rotation for a medical

LINAC. The distance from a conversion target to the isocentre, according to current

national standards, is equal to 1 meter. This term is valid only for medical LINACs and

is not used in case of industrial LINACs, as the latter do not have the axis of rotation.

LINAC - Linear Accelerator - device, which is used for acceleration of electron (ini-

tially using cathode heating and, further, in accelerating structures) to energy range of

several MeV. If required, the fast electrons can be converted on tungsten or tantalum

target into bremsstrahlung photons.

NII - non-intrusive inspection - the method of inspecting bulk containers without open-

ing it, by means of X-ray imaging, neutron activation and photon interrogation.

Out-of-beam - the technique of characteristic radiation measurement for photo�ssion

of nuclear material after irradiation with high energy photons from a LINAC, when the

beam was stopped.

PVT - polyvinyltoluene - base material for production of fast low-cost plastic scintil-

lators.

Radical Initiation - radical initiation is a process relying on adding speci�c substance

which creates radical species under mild conditions (pressure, low heating temperature,

illuminating with UV light) and promote radical reactions. In general, free radical is

such an atom, molecule or ion, which has unpaired valence electrons. These unpaired

electrons make free radicals highly chemically reactive towards themselves or other sub-
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stances. It lets to further polymerization of materials.

RDD - radiological dispersal device, known also as a dirty bomb - conventional explo-

sives coupled to radioactive or nuclear material.

Signi�cant Quantity - according to IAEA glossary, the approximate amount of nu-

clear material for which the possibility of manufacturing a nuclear explosive device

cannot be excluded. Signi�cant quantities take into account unavoidable losses due

to conversion and manufacturing processes and should not be confused with critical

masses.

SNM - special nuclear material - isotope of Uranium (233, 235) and Pu (239) which can

undergo �ssion by thermal and fast neutrons. As a result, these materials can undergo

nuclear chain reaction.

TAD - threshold activation detection (or detector).
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