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ABSTRACT

The objective of this project was to investigate the physics of neutron production and their interactions with

matier in order to develop an effectiv on for the rapid non-destmetive examination of large objects
using fast neutron radi hy. An additional i was that the technique being loped was to
be applied on-line in an i ial envi This i placed severe restrictions on the physical

dimensions of the neutron source. Therefore, the selected neutron-producing nuclear reactions, that may
potentially be employed in a robust and compact, yet prolific, fast neutron source, were investigated at low
incident particle energies (E < 10 MeV). The following groups of nuclear reactions were characterised in

detail: (d,n) reactions in beryiiium and iithium, {p,n) reaciions in beryliium and lithium and (O,D)

in gaseous targets.
The (d,n) reactions are very prolific and produce several neutron groups due to their large positive Q-

values. Consequently, the thick target neutron spectra are complex and extend from zero to high neutron

energies. The neutron production is ied by cascades of g: ys whose intensity significantly
exceeds the intensity of neutron beams.

The (p,n) reactions, although not as prolific as the (d,n) reactions in the energy range considered, produce

quasi mono-energetic neutron beams, which may be used in icati iring more precise

of the neutron energy. The associated gamma-ray production matches the neutron production in intensity.
Due to the negative Q-values of the (p,n) reactions higher incident proton energies are required in order to
produce neutrons with higher energies, compared with the (d,n) reactions.

The (D,D) reaction produces true mono-energetic neutron ‘beams up to energies of 8 MeV with minimal

g y \p The major chall in utilisation of this reaction is the design of the target, which
must be in the gaseous form for maximum neutron output. Two solutions are presented in this thesis
namely, a windowed target with cooled gas and a differentially pumped target with a rotating seal. The
windowed target is beam power limited and can tolerate up to 200 W of accelerated particle beam power.
The differentially pumped target is free from this limitation and operates at up to 3.5 bar of target gas
pressure. The (D,D) reaction-based neutron source qutilises the differentially pumped gas target with a
rotating seal is an ideal source for neutron-energy-sensitive applications.

An analytical model of dual energy fast neutron radiography for detection of an object within a mineral
matrix was loped. This model ines the hastic limits imposed by the Poisson statistics of the

neutron detection process. The model was verified experimentally and the feasibility of fast neutron
radiography for the detection of objects within mineral matrix was proven. This resulted in the
devel of the 1 based fast neutron source experimental facility, which was

comprehensively characterised in this thesis.
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1. INTRODUCTION

The unique properties of the neutron have been used in the study of condensed matter ever since the
particle was discovered by Chadwick in 1932. Because of the lack of electric charge, neutrons can
penetrate through thick solid samples virtually unaffected by the atomic electron clouds. They interact
directly with atomic nuclei and the strength of interactions varies significantly not only with atomic number

bui also with isotopic mass. The extremely

interact with the nuclei results in hing diversity of i i and gives rise to a distinct
field of nuclear physics called neutron physics.
Neutrons are unstable as free particles and can only exist in a stable form within the atomic nucleus.

Therefore, the only available sources of neutrons for research and applications are based on nuclear

reactions. A tremendous effort has been devoted in the past to the development of neutron sources suitable

for an i ing number of ications of neutron techni in research, medicine and industry.

This-effort has-resulted-in-th £ neutron sources ranging from large multi-national research

1.1 Applications of Neutron Physics

1t is not the intention to give an exhaustive review of the many applications of neutron physics, but it is
worthwhile to mention some of the techniques utilizing neutrons in an environment other than a specialized

research laboratory. A specific focus has been maintained on fast neutron imaging techniques.

1.1.1  Bulk Material Analysis

Neutrons are very well suited to the analysis of large quantities of material in a single operation, due to
their excellent ing p ies. In the pi ing of materials, the elemental composition, density,

moisture content and particle size are often of importance in defining control parameters and therefore have

to be assessed in near real-time. A number of review articles on neutron and nuclear techniques in general,

facilities to compact, robust and cost effective accelerator-based sources suitable for applications in

medical and industrial environments.

Many of the neutron techniques are limited by the intensity of the neutron sources and consequently much
effort has been directed towards the development of large, high neutron flux facilities such as nuclear

reactors or spallation sources. Although research carried out in such lish i 1}

to our basic scientific knowledge, it is highly unlikely that of ! lexity and cost

can ever be utilized routinely in the industrial or medical environment. However, the potential of a number

of neutron i may be si| d not only by employing more intense neutron sources

but also by tailoring their neutron spectra. This presents the opportunity for small, yet powerful,

h as the radio frequency quadrupole
i as the radic frequency quadrupol

(REQ) 1;

generation of neutron beams tailored to particular application. Such neutron sources, because of their
relative simplicity, have the potential of becoming the neutron equivalent of an X-ray tube and be

confidently used in industrial or medical applications.

The objective of this thesis is to develop the science and technology to establish the rapid non-destructive
radiography of large objects [1-4) using accelerator-generated fast neutron beams [5-7). Furthermore, the
feasibility of tailoring neutron spectra to enhance the contrast for specific chemical component has been

An additi i is that the techni must be suitable for application in an
industrial environment, i.e. a robust design and relatively low cost is required when compared to the value
added in the industrial process.

applied to bulk material mmmﬁmmwwmﬂmbk—mﬂ—&%m&msi

for on-line coal analysis [13,14] and down-hole logging [15]. These experimental techniques include
prompt gamma-ray neutron activation analysis (PGNAA) and neutron transmission. The neutron sources
used are usually based on sealed radioisotopic sources such as 22Cf and Am-Be as well as sealed tube

neutron generators.

neutron generators
The PGNAA-based coal gauge developed at CSIRO, Australia, enables a rapid direct determination of
carbon, total hydrogen, chlorine and ash content. The moisture, specific energy and Na;O / ash values are

derived from these measurements [13]. Many similar devices are operational worldwide.

Nuclear logging is well established in the oil, gas and uranium industries. The main interest in oil and gas
exploration is to locate porous zones which may contain hydrocarbons and are free of clay minerals
preventing the flow of fluid. The spatial distribution of thermal and epithermal neutrons resulting from
interactions of high energy neutrons with the medium can be related to its hydrogen content and hence its

porosity [11].
Borsaru has reviewed applications of neutron i for the ination of grade in
ore, the jon of phosphate deposits and grade logging of bauxite deposits [15].

Selective fast neutron activation analysis via the production of nuciear isomers was used for ihie
determination of gold in silicates [16-18]. This technique holds promise for application on an industrial

scale if a suitable neutron source is developed.



1.1.2  Detection of Chemical Compounds

1.1.4  Tmaging

As opposed to quantitative elemental bulk material analysis, the aim of a substance detector is to non-

intrusively identify the presence of an object containing a specified chemical compound within a specimen

probed. The prime application of -based sub detecting systems is the non-intrusive inspection
of luggage, trucks, shipping containers, etc. for illicit materials such as explosives, drugs or certain
i The developi of neution iech es for this purpose was significantly acceieraied after the

tragedy over Lockerbie in 1989. A review of these techniques can be found in [19-21).

Neutron beams offer the possibility of the rapid examination of large objects and they possess the elemental
sensitivity required for successful detection. For the vast majority of these techniques the principle of
detection is based on the correlation between O, N and C i specific and i unique,

for the above i b Depending on the specific technique, thermal or fast neutron beams
are used with mono-energetic or white neutron spectra. The detection is achieved through the
measurements of gamma-rays resulting from neutron capture or scattering or via measurements of time-

correlated neutron transmission. The neutron sources used are almost exclusively accelerator-based, in

some cases requiring ion in mi d or even d pulsed mode. Each of the techniques
has its specific merits and limitations and some of them are being considered for deployment.

113  Medical Applications

Neutron therapy for cancer treatment has been used in clinical practice for several decades. A promising
cancer treatment, namely boron neutron capture therapy (BNCT) has recently undergone a revival and is

currently under intense i

currently under intense investigation in a number of research centers woridwide. The concept of BNCT is

to load a tumor region with the '°B isotope and subsequently irradiate it with keV neutrons. The neutrons,
moderated in the tissue, are captured in the "’B(n,a)’Li reaction. The resulting a-particle and "Li-ion carry
collectively more than 2 MeV of kinetic energy which, when dissipated within the malignant cell,
selectively damages it. With sufficient concentration of "°B and suitable neutron flux, a substantially higher
radiation dose is delivered to the tumor than to the surrounding healthy tissue. BNCT usually employs a
neutron beam from a nuclear reactor or high energy particle accelerator, but recently, dedicated facilities
have been considered that are based on relatively small but powerful particle accelerators with suitable
moderation systems [22,23].

Imaging with neutrons was pioneered by Kallman and Kuhn in 1935-1944 [24] but it is still a relatively
novel techni of i inati ioi neutron sources, have for long been

considered very attractive because of their portability and relative ease of use, but suffer from the
shortcoming that they deliver insufficient neutron fluxes, which results in unacceptably long exposure
times, and often have inconvenient half-lives. The availability of intense thermal neutron beams from
nuclear reactors, which produce acceptable neutron flux, have made neutron radiography techniques
possible. Yet for long it remained more a scientific curiosity than a widely accepted tool of non-destructive
analysis. Neutron radiography was first used in the mid 1960’s within the Apollo space program for routine
inspections. Since then the number of applications of thermal neutron radiography has grown rapidly and
the technique is presently a standard tool in the examination of aerospace and military aircraft, nuclear fuel,
ceramic components and explosive devices. World Neutron Radiography Conferences have been held
regularly since 1981 and their proceedings are excellent reviews of current research and development in the
field [25-29]. With the introduction of electronic imaging detectors, such as charge coupled devices (CCD)
and amorphous silicon (A-Si) plates, digital radi hy and fully 3-di jonal thermal neutron
tomography have become possible and are now offered as non-destructive analysis techniques at many

resctor fa

Imaging with fast neutrons is far less mature than standard thermal neutron radiography, not to mention X-
ray or gamma-ray imaging. Its inherent sensitivity is much lower than that of thermal neutron radiography,
d with the detection of fast neutrons in the image

even in favorable cases. There are di
format and the lack of portable fast neutron sources appears to put fast neutron imaging at a disadvantage
compared to the other imaging techniques. However, with the availability in the recent years of compact

or linear capable of producing fast neutron beams from nuclear reactions in suitable

target ials, some specific ges of lower MeV fast neutron beams for imaging merit further

attention.

For neutrons with kinetic energies in the MeV range, the main modes of interaction with matter are elastic
and inelastic scattering. The total cross-section for most elements tends to decrease with increasing neutron
energy, becoming similar for most materials at higher energies. As a result, samples are more transparent to
fast neutrons facilitating the examination of larger objects. Furthermore, it is possible to exploit the
resonance structure of the total cross-section function, notably for carbon, oxygen and nitrogen, in order to
enhance detection. If a neutron spectrum from an accelerator-based fast neutron source can be tailored to
suit a particular application by the selection of a suitable nuclear reaction and projectile energy, then

images of the distribution of an élement of interest can be obtained at least in principle.

Fast neutron beams are delivered directly, with no losses in the moderation process and the emitted
spectrum for-a given nuclear reaction can be controlled, to a degree, by the energy of the projectile. The

11



emission of the neutron beam takes place only when the accelerator is energized, and as such, radiation
safety requirements are far simpler in comparison with the operation of a nuclear reactor, or even an intense

isotopic source.

Fast neutron beams have proved to be useful in some special applications in medical radiography like the
observation of changes in tumor size as a function of radiation exposure [30] or imaging air cavities behind

rogen in the human body results in large doses being

Inese of fast neutron radiography in this area.

d h

The work of Overley [32-34] in 1983 demonstrated that fast neutron in

with the ti f-flight technique can be applied to el 1 sensitive imaging. In this case
fast neutron beams were produced by the bombardment of a beryllium target with 4.27 MeV deuterons
obtained from a pulsed (0.5 MHz) 5 MV Van de Graaff ! A prot il scintillation detector

was used for neutron detection. Although, for biological samples, the sensitivity and spatial resolution of

neutron imaging was considerably lower than for X-ray imaging, the high penetrating power of the neutron

beam and its el ) itivity were ized as potential off-setting these di

Duhmke et al. [35] used fission neutrons to produce radiographic images of large hydrogen-containing
objects, which could not be examined with thermal neutrons due to insufficient transmission. They have
also performed fast neutron radiography on live humans during fast neutron radiotherapy, using a sealed D-
T tube [36). Tumors hidden in X-ray imaging were clearly identifiable in most of these fast neutron

radiographs. In both cases track-etch detectors were used for neutron image registration.

High quality fast neutron tomographic images of laboratory samples and various technical objects were
produced by a research group in Stuttgart, Germany [37-39]. They utilized a narrow single beam of reactor
fission neutrons to scan the object with a liquid organic scintillator for detection. The disadvantage of a
single beam technique is that the image acquisition time is excessive (i.e. well in excess of 5 hours) but the
image quality can be improved si by ion of the g y

p by using pulse
shape discrimination technique. This results in the simultaneous acquisition of separate neutron and
gamma-ray images as well as the combined image. A spatial resolution of 0.1 mm and a density resolution
better than 2 % was demonstrated in the use of the Stuttgart group's fast neutron tomography system. The
fast neutron imaging is mostly used for localization of hydrogen containing materials, such as plastic and
water, in the presence of high density metals.

The feasibility of neutron imaging for drug and explosive detection has also been studied [40-42]. It was

d that energy d: dent neutron ion can in principle be used for the detection of key
elements, such as N, O and C. The simple determination of areal densities is not sufficient for identification

and full hi ion is too time ing, a real-time neutron laminography has been
proposed [43]. Theoretical studies indicate that such techniques may meet the required detection rate and

reliability requirements.

hed

and loped, there is little

In spite of a number of fast neutron imaging i being
information available on industrial applications. A number of techniques utilize nuclear reactor-based
neutron sources, which clearly put them at a disadvantage when industrial applications are concerned. The

technical complexity of others means that further testing and verification in the laboratory must be

Sy

undertaken before they reach the necessary maturity, reliability and for
outside a lled laboratory

Clearly, the success of fast neutron imaging

depends on the development of portable, powerful and robust accelerator-based neutron sources.

1.2 Outline of This Thesis

The objective of this project is to investigate the detailed physics of neutron production and interactions in

oiiedes 8 i large
large

order to develop an effective solution allowing for the rapid noii-destry arge oh
hy. The technique under i igation is to be capable of the visualization of

ects

using fast neutron
the internal structure of particular samples and the detection of a substance or object of interest. A unique
aspect of this work is the specific detection or isolation of particular substances or species by the use of a
dual energy resonant imaging technique.

The objective s to be achieved by research into the following areas:

1. characterization of fast neutron sources at low incident particle energies (E < 10 MeV);

2. modeling of the neutron transport and image formation in the imaging detector;

the capability of the tech

3. development of an experimental set-up

The methodology being developed is to be verified experi lly in app in mineral
i tances. Resonant fast neutron imaging may

and elemental imaging for the detection of hidden chi

potentially be used in an industrial processes in mining and mineral processing for effective sorting of

mineral ores.

An additional requirement imposed on the technique is that it will be installed inan industrial environment

so the neutron generator employed for this application has to be compact and robust. The suitability of

commercially available small accelerator technologies has been reviewed considering the requirements

placed on the accelerator by the detection technique, and in the light of the physics of neutron production.

The material in this thesis is presented in 7 chapters:
o chapter 1 introduces the applications of the neutron physics;
neutron sources used in research and applications with a specific

o chapter 2 gives a brief review of the

ed nentron sources;




o chapter 3 describes the experimental methods used in the course of this project;

e chapter 4 presents the results obtained by the time-of-flight technique for the characterization of the

“‘white’ neutron spectrum reactions: “Be(d,n)'°B and "Li(d,n)’Be;

e chapter 5 presents the results obtained by the time-of-flight technique for the characterization of the

quasi mono-energetic neutron spectrum reactions: ng{g n)’B and "Li p,n)’Be;

2.NEUTRON SOURCES

A number of criteria, such as intensity, spectral distribution and method of generation, can be used in the
classification of neutron sources. The last of these criteria has been used in this thesis. Specific attention is

£ 4 1 based neutron sources as these are believed to be best suited to many industrial

e chapter 6 presents the results of the time-of-flight characterization of the 2H(d,n)’l-ie reaction on the

gaseous targets;
e chapter 7 concludes this thesis with a brief discussion of the directions of the future research;

e appendix A examines the stochastic limits of fast neutron radiography imposed by the Poisson
statistics and presents the results of modeling of neutron and gamma-ray imaging, based on discrete-
ordinates radiation transport codes; the model was developed in co-operation with Dr G. Pfister from
Institut fiir Kemnenergetik und Energiesysteme (IKE), University of Stuttgart, Germany;

ceranhy for detectio:
ography for detection

author is a member of a larger project team responsible for the development of the ADM, in charge for

the physics aspects of the design (radiologi d: P! of technical ification and

characterization of the accelerator, gas target and detector, experimental geometry);

* appendix C presents the experimental evaluation of the ADM.

applications.
2.1 Radioisotopes

The main advantages of scaled radioisotope neutron sources are their small size, low cost and comparative
ease of maintenance. The neutron yield of these sources is directly proportional to the amount of material
used and its rate of decay. The limitations are: short half-lives, broad neutron spectrum and the presence of
significant amount of other types of radiation (mainly gamma-rays) accompanying the neutrons.

The most commonly used radioisotopic neutron source is based on #2Cf, which produces neutrons in a

spontaneous fission process. It has a convenient half-life of 2.65 years and produces 2.34 x 10 neutrons

per second per gram. It emits neutrons in a wide energy band stretching from above zero to above 12 MeV,
with a mean energy of 2.14 MeV.

Most of other radioisotopic neutron sources of practical significance are based on the (o,n) nuclear

such as 2°Pu or *!Am, mixed with target material,

reaciion. They co
usually Be. Although half-lives, yields and spectral shapes depend on the specific type of the source used,
they are, to a large extent, comparable with 220,

The use of radioisotope neutron sources is of limited value in applications where high intensities and well-
defined neutron energy bands are required. The detail characteristics of radioisotope neutron sources can be

found in several references, e.g. [44].

2.2 Nuclear Reactors

Nuclear fission reactors are commonly used as neutron sources for research purposes. They are capable of

producing by far the highcst

Neutrons produced in a reactor have a considerable range of energies. Fission neutrons can have energy

only slightly above thermal energy (0.025 eV) to more than 10 M
techniques requiring well-defined energy and energy band cannot use the fission neutrons direc

eV. Therefore, precise analytical
tly and



require moderation or some means of sorting of the neutrons by energy. This results in a significant
reduction of the available neutron flux and often makes accelerator-based neutron sources more viable for
particular applications.

Nuclear reactors are generally too large and expensive to be useful in industrial applications. An additional

& hat th silv—b itehed—offand i i 9 ith

and well defined neutron energy (best for thin targets) which has to be considered for each specific

application.

Mono-energetic neutrons with high i ities are most P d by the ‘big four’ reactions

listed in Table 1.

is-that-the source cannot-easily =

pensive and often radiation ion measures. Although research reactors are clearly
different from reactors used in the nuclear power stations, following a number of much publicized

accidents, there is growing public resistance to the construction of new units.

2.3 Accelerator-based Sources

Neutrons can be produced in nuclear reactions induced by charged particle beams from accelerators. In

such reactions compound nuclei are usually formed, which are excited with a sum of the binding energy

binding energy of ihe
last neutron in the resulting compound nucleus then there is high probability of neutron emission. The
balance of the excitation energy is distributed as kinetic energy between the neutron and residual nucleus
and the excitation energy of the residual nucleus, which returns to its ground state by gamma-ray emission.
On the other hand, some neutron-producing reactions proceed directly, without the formation of a

compound nucleus, as observed in deuteron stripping reaction.

The target materials are usually pure elements or chemical compounds in the solid state. Gaseous targets

have sometimes been used if reactions between hydrogen isotopes are of interest.

The most commonly used neutron producing reactions are (d,n) and (p,n) nuclear reactions. In the (d,n)
reactions a very highly excited compound nucleus is formed following a deuteron capture due to its small

binding energy. Consequently, nearly all (d,n) reactions are exothermic. All (p.n) reactions on stable nuclei

{Q-value of a B—decay of the neutron).
The nuclear reactions resulting in the emission of neutrons with mono-energetic or quasi mono-energetic
spectra are of particular importance for many applied neutron techniques. Generally, a neutron beam is

regarded as mono-energetic if the neutron energy spread is small in comparison with the energy itself. Only

accell -] ducil ignifi i
elerator-based sources are capable of 4 fluxes of getic neutrons. As the

ion beam traversing a target material rapidly loses its kinetic energy, ‘thin’ targets must be used for the

generation of mono-energetic neutrons. The broadening of the neutron energy spectrum can be controlled

by the target thickness and eventually, for ‘thick’ targets, i.e. the targets of thickness sufficient for complete
stopping of the incident beam, the resulting neutron spectrum covers the full range from the maximum

energy down to zero. There is clearly a trade-off between the neutron flux (a maximum for thick targets)

Break-up Mono-energetic neutrnT‘
threshold energy range

Reaction Q-value Break-up

MeV] Re: [MeV] [MeV]
7H(d,n)'He +3.270 D(d,np)D 4.45 1.65-17.75
*H(d,n)'He +17.590 T(d,np)T 3.71 11.75-20.5
T(d,2n)’He 4.92
*H(p.n)’He 20.763 T(e:p)D 835 03-7.6
Li(p,n)' Be -1.644 Li(p,n) Be* 2.37 0.12-0.6

Table 1. Data of the ‘big four' mono-energetic neutron source reactions [45].

In addition to the traditionally used mono-energetic neutron reactions listed in Tabie i, the inveried {p,n)
e recently received considerable attention as potential intense sources of mono-energetic
actions: "H(t,n)'He, "H('Li,n)'Be, 'H("'B,n)''C and 'H(C,n)"*N, the projectile is

reactions have

neutrons [46]. In such re:

heavier than the target, which results in Kinematically collimated neutron beams. The main advantages of

such neutron sources are high neutron output and the confinement of neutrons into a forward cone. The

d is thata iderably higher projectile energy is required.

White neutron sources (broad continuous energy spectra described as ‘white’ using an optical analogy) are

used in applications where the neutron energy is of secondary importance. At lower projectile energics

7y
nuclear reactions such as: *Be(p,n)’B, 9Be(d,n)"°B, *C(d,n)"°N or 'Li(d,n)'Be are commonly used.

Bombardment of heavy mass nuclei with projectiles in the 20 - 100 MeV energy range results in an

evaporation or Maxwellian neutron spectrum, in most cases.

The spallation process typically occurs when the energy of the incident projectile exceeds 100 MeV.

s are emitted as a result of *heating’ of the nucleus. The intensity

sources like the Paul Scherer Institute’s SINQ [47] are

Cascades of neutrons with broad energies
of neutron beams obtainable from spallation

comparable with these generated by nuclear reactors.



The intensity of neutron beams generated by accelerator-based neutron sources in a particular nuclear

reaction depends on the target current. The tions for neutron production are typically of the order

and vary significantly with projectile energy. Large charged particle

currents, of the order of tens or hundreds of micro-amperes, or even of the order of milli-amperes, need to
be accelerated in order to produce the neutron fluxes required for industrial and other applications, with
outputs typically in excess of 10" neutrons per second into 4r. The privilege of working with such intense
neutron beams was for long reserved for large research establishments operating expensive and complex
high power accelerators. For practical reasons such accelerators could not be used in industrial or medical
environmeni on a large scale.

Sealed tubes utilizing the T(d,n)*He and D(d,n)’He reactions were the only accessible neutron generators
capable of delivering a neutron flux with an intensity sufficient for most of practical applications. Although
meeting neutron flux requirements, sealed tube neutron generators have a number of serious limitations.
The most important is a considerable fall of the neutron yield with time and limited lifetime of the tube due
to deterioration of the target. The longest lived tubes reached only 500 hours with significant deuterium
build-up in the target and hence a neutron yield decrease [48]. The used tubes had to be replaced at
significant cost.

The development of relatvely compact, inexpensive and powerful accelerators such as RFQ linacs [49] or

cyclotrons [50], has enabled research on applied neutron i at cost. Such

with closed circuit cooling systems and low power ion for i d ility. The

particle beam currents range from 100 pA to above 1 mA, which translates to neutron outputs well in
2 .

excess of 10 neutrons per second, depending on the target employed. High current capability and

flexibility of accelerated particles and output energies make these modern accelerators well suited to

provide neutron fields for a variety of icati Technical

of selected commercially

availabie acceieraiors are presenied in Tabie 2.

The technique being developed requires high flux of mono-energetic neutrons so clearly an accelerator-
based neutron source is required. Additional requirements for industrial applications make small

commercially available accelerators an ideal choice. Such are capable of producing intense

neutron beams at a low incident particle energy. Therefore, the detailed characteristics of a practical set of

neutron producing nuclear reactions needed to be i igated for the lication of this

technology.

In spite of the considerable literature on the subject, there is still a need for the detailed characterization of
accelerator-based neutron sources. A significant portion of the current knowledge on neutron-producing

nuclear reactions is based on experimental work conducted in 1950’s and 1960’s. The focus of most of

those experiments was to establish the reaction mechanism and to investigate the energy level structure of

the residual nucleus.

Beam Maximum
Model Company Type of Incident energy beam current Neutron Yield
Accelerator Particle MeV] (Al [n s
TN 46 Sodern, France (D,T) Tube D 0.225 10000 4x 107
DL-1.5 AccSys, USA RFQ Linac D 1.5 325 Tx 107
PL-4 AccSys, USA RFQ Linac P 39 1000 13x10"
Cyclone 3D IBA, Belgium Cyclotron D 38 2000 57x10
Cyclone 18+ IBA, Belgium Cyclotron P 18 2000 2.1x 107

Table 2. Typical specification for selected commercially available accelerators used as neutron

generators. The neutron outputs have been calculated for cyclotrons and RFQ linacs utilizing a

beryllium target. Data compiled from references [49,50].
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Incident beam energy

Nuclear reaction [MeV]

Be(d,n)"B 0.9;1.5;4.0

important for imaging

expected neutron contrast.

where an

amount of g

ys may

decrease

"Li(d,n)’Be 09,1540

“Be(p,n)'B 30-995,257,3.0;40

'H(d,n)’He 2.1550

Litp,n) Be 236337232 428

Table 3. A selection of neutron producing nuclear reactions investigated in this thesis with
incident particle energy. ‘Only TOF spectra are presented.

A very review of the rgetic neutron ion was given by Drosg and Schwerer
[55] and covered the angular dependence of neutron energies and tions for neutron production for
the following nuclear reactions: "H(t,n)’He, 'H("Li,n)'Be, H(d,n)*He, *H(t,n)*He, *H(p,n)’He, *H(d,n)*He

and "Li(p,n)'Be.

There are few publications covering the less commonly used fast neutron producing reactions, for projectile
energies lower than 10 MeV. Neutron yield and spectra from proton bombardment of °Li, ’Li, *Be, ''B, and
"0 can be found in [$6], while Drosg reviewed “Be(p,n)’B, "'B(p,n)''C, *'V(p,n)*'Cr and *Be(a,n)"’C
reactions [57]. Grand and Goland [58] discussed the Serber’s deuteron stripping reaction theory applied to
the 7Li(r.l,n)x}ae and de(d,n)“’B reactions and the comparative characteristics of neutrons from these

reactions were discussed in [59,60].

Due to its high neutron yield and good thermal properties of metallic Be targets the *Be(d,n)"B reaction is
relatively well studied at projectile energies below 10 MeV [61-67].

The renewed interest in the reaction *Be(p,n)’B as a source of neutrons for cancer treatment by BNCT has

resulted in more detailed studies of this reaction at low incident proton energies [68-70].

The most recent review of the neutron producing reactions for neutron energies between 20 keV and 200
MeV was carried out by Drosg [71,72], with special emphasis on new developments at low and high

energies, sources of kinematically collimated neutrons and intense mono-energetic neutron sources.

Although most of the detectors used with neutron techniques are sensitive to gamma-rays, there is little

in the literature ing g: y emission panying neutron production. This is
necessary both for radiographic and medical uses of neutron sources. The gamma-ray intensities and

spectra have to be measured in order to assess their influence on the detection process. This is particularly
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3. EXPERIMENTAL METHOD

This chapter details the i 1| used for ization of the neutron reactions and in

the determination of the performance parameters of the linear accelerator used in this project. The modeling

The ional TOF technique was used for of neutron spectra with the plastic scintillator

detector. The TOF specira to high purity ium detector were sil ly recorded and gamma-

ray spectra gated with the duration of the gamma-ray peak in the TOF spectrum were also measured. These

and the target area,

TOF-gated gamma-ray spectra represented the frue gamma-ray & i

during a beam pulse. A block diagram of the ics and data acquisition system is p

techniques and experimental specimens are also here.

3.1 Time-of-flight Technique

The time-of-flight (TOF) tech was applied to the of neutron and gamma-ray spectra,

1.

3.2 Response and Efficiency of the Detectors

for selected nuclear reactions. In this technique the neutron energy is determined from the measurement of
its velocity. The problem is to measure the time elapsed for a neutron originating in the source to reach a
detector. The solution requires that the time of origin of a neutron be localized by producing neutron bursts
of short (~ ns) but well-defined duration and appropriate repetition rate (~ MHz for MeV neutrons). In the
investigation of accelerator-based nuclear reactions this is achieved by producing pulsed ion beams with
one of several techniques such as plasma pulsing and beam chopping or bunching. The finite size of a
bunch, the length of the neutron flight path, the detector dimensions and the rise time of the electronics, all
contribute to finite timing resolution of the technique and limit the neutron energy resolution that is
achievable. The details and theory of the time-of-flight technique is described by Neiler and Good [73], and

others.

The experiments were performed at the South African National Accelerator Centre (NAC) using a 6 MV
Van de Graaff accelerator. The 2 ns pulses of deuterons or protons, with a 2 MHz repetition rate, were
produced by means of the time-of-flight chopper and a double gap buncher [74]. The beam current was
usually kept below 1 pA, in order to reduce the detector dead time. Various targets were mounted at the

end of the beam-line, positioned in the center of a large experimental hall to minimise the effects of scatter.

Tai)

ically insulaicd from the rest of the beam-iine, aliowing the measurements of the beam
current. The timing signal for the TOF was bya

beam pick-up system
installed near the target.

A cylindrical 5 x 2.5 ¢m (thick) NE102a plastic scintillator [75] coupled to a fast photo-multiplier tube
served as the TOF neutron and photon detector. A 200 cm® intrinsic germanium detector manufactured by
Detector Systems GmbH (DSG), Germany [76] was used as the gamma-ray detector. The detectors were
positioned at distances of 1 to 5 m from the target. Additionally, the TOF detector was mounted on a
swiveling tower, which enabled easy acquisition of spectra at different laboratory angles, in the range 0° -

140°. Unless stated otherwise, the gamma-ray detector was positioned at 40° relative to the beam-line.

22
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The quality of a neutron spectrum with the TOF depends-on-the
detection efficiency as a function of neutron energy. The efficiency of a proton recoil detector, such as a
plastic scintillator, is also a function of the pulse height bias, which is applied in order to discriminate
against the inherent photo-multiplier tube noise. The plastic scintillator detector used in these experiments

ely 250 keV of the recoil proton energy, by using a discriminator level set to

tely

was biasc
approximately 1/20 of the energy of Compton edge for ¥7Cs 662 keV gamma-ray (Ec = 478 keV). The
detection efficiency function was determined by comparison of the yields of angular distribution
measurements with corresponding differential cross-sections for the mono-energetic neutrons producing
reactions: "Li(p,n)'Be and H(d,n)’He, using data from Liskien and Paulsen [77,78). The measured neutron

detection efficiency function for the detector specified above is presented in Figure 2.
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Figure 2. The experimental neutron detection efficiency for the plastic scintillator used in this
work. The detector was biased at ~ 250 keV of proton recoil energy. Moving average 2-point best

fit line is superimposed on a set of experimental data points.
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Figure 1. Bl i i
ock diagram of electronics set-up used in time-of-flight experiments.

The set of experimental data points is limited to a range of neutron energics from above the bias energy t0
jbout 8 MeV, in the case of the reaction D(d.n)’He due to the maximum achievable terminal voltage of 55
MYV for the accelerator used. Although this neutron encrgy range is sufficient for the investigation of most

late the

of the neutron spectra relevant to this thesis, it was to function to ~ 20

i(d,m)"Be reaction. The portion of the efficiency curve between 8
MeV and 20 MeV was therefore linearly extrapolated from expemm’.mal data

MeV, for use with the highly exoergic 7

The gamma-ray detection efficiency of the intrinsic germanium detector was determined using a calibrated
1525y source. This source enabled calibration in the gamma-ray energy range of 244.7 to 1408 keV. A
straight line was subsequently fitted to the experimental data on a log-log scale, using a linear regression

mcthod. The best-fit equation, for the above energy range was:
Dug = 5884.05-E,"™, )

where: Dy is the detection efficiency and E, is the gamma-ay energy. This formula was subsequently used
for the correction of gamma-ray encrgy spectra in the full acquisition range of 0-8191 keV. The
experimental gamma-ray detection efficiency for the DSG intrinsic germanium detector is presented in

Figure 3, for the gAmMa-ray EnciEy range of 244.7 - 8191 keV.
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Figure 3. The experimental gamma-ray detection efficiency, over the 244.7 = 8191 keV energy
range, for the DSG intrinsic germanium detector used in this work. The best fit linear regression is
superimposed on the set of experimental data.
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4. CHARCTERIZATION OF THE *Be(d,n)'"B AND "Li(d,n)*Be REACTIONS

3.3 Data Treatment
The ti lated back d was d from all TOF spectra. The spectra were then corrected 2.1 Be(dn) B
for the detector’s dead-time and experi 1 geometry and ized to the i charge of the

incident beam. The TOF spectra were transformed into neutron energy spectra using the non-relativistic
relation:

L1 s*
En=—-mn-—, @

2

The equivalent energy width of each channel is then:

_ 2 At
AE,=mn-s 1—3 )

where: E, is the neutron energy, m, is the neutron mass, s is the neutron flight path, ¢ is the neutron flight
time, AF, is the neutron cnergy resolution and 4 is the timing calibration, i.e. the width of a channel in the
TOF spectrum. The timing resolution of the TOF set-up was determined by measurement of full-width-half
‘maximum (FWHM) of the gamma-ray peak in the TOF spectrum. It was usually of the order of 2 ns. It can
be seen, by combining equations (2) and (3), that the neutron energy resolution, AE,, is proportional to E>”
and therefore the best absolute resolutions are obtained at low neutron energies, for a constant flight path.
For example, for a flight path of 2 m and a timing resolution of 2 ns, energy resolution at neutron energy of
8 MeV is ~ 500 keV as opposed to only ~ 8 keV at neutron energy of 0.5 MeV. With a constant timing
resolution, for the transformation into neutron energy spectra, the TOF spectra are compressed in the long
TOF region and expanded in the short TOF region. The absolute neutron yield is presented with respect to a
solid angle of 1 sr and an integrated beam current of 1 pC. The low neutron energy cut-off present in all
spectra is due to detector bias.

The laboratory gamma-ray background spectra acquired under the same experimental conditions were
subtracted from all the gamma-ray spectra. The spectra were corrected for the detector dead-time and
experimental geometry. The gamma-ray energy calibration was 1 keV per channel, usually 8k channels
were collected. The gamma-ray energy spectra displayed in this thesis, for example in Figure 10, were not

corrected for detection efficiency and are scaled in counts s
efficiency and are scaled in counts s i

. . ient comparis

correction for detection efficiency was carried out where quantitative information such as gamma-ray

yields or intensities of particular gamma-ray lines were discussed. The units used for gamma-ray photons
-l -1

are st pC”. The low gamma-ray energy cut-off present in all spectra is due to a preset discrimination

level.
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The *Be(d,n)'°B reaction with several MeV deuterons incident on a thick Be target is particularly favored

for applications such as activation analysis, radi h nuclearwasteassayorradiolherapy.Thereac(ion

is very prolific, with possibly only 'Li(d,n)°B matching its yield, for charged particie energies below 10

MeV. The metallic Be used for target ion can be easily ined and is capable of tolerating
beam currents in excess of 100 pA with a straightforward target design and cooling. The reaction is
exothermic with a positive Q-value of 4.36 MeV, which results in a neutron spectrum extending to quite
high energies. The lower energy neutron yield may be complicated by a number of multi-body reactions

(Table 4).

F Reaction Q-value

Be(d,n)"B

Be(d,’He) L1
Be(d,pn)’ B
Be(d,p2n) He

uction in bombardment of *Be with low

Table 4. Nuclear reactions coniributin

energy deuterons.

Neutron energy spectra and yields for the Be(d,n) reaction have been previously reported by several

authors, mostly in the higher deuteron energy range [59-67, 79]. The main characteristics of this reaction
have been established but important details still have to be determined. The available data for deuteron
energies E; < 40 MeV is very fragmented. Hence,
incident deuteron energies of 0.9, 1.5 and 4.0 MeV. These energics were chosen to correspond to the

y available from AccSys Technology [49].

the Be(d,n) reaction was studied systematically at

incident deuteron energies of standard RFQ linacs, commerciall

27



4.1.1 Neutron Production

Typical TOF spectra for a deuteron of energy £4 = 4.0 MeV incident on 2 mm and 5 um Be targets are
presented in Figure 4. As many as 10 neutron groups corresponding to various residual states of the '°B
nucleus (Figure 5) were resolved in the thin target spectrum: n, = 8.36 MeV (’B(0) = 0 MeV), n, = 7.64
MeV (““B(1) = 0.718 MeV), n,; = 6.40 MeV ("’B(2,3) = 1.740, 2.154 MeV), n, = 4.73 MeV ("’B(4) = 3.587
MeV), ns = 3.49 MeV ("’B(5) = 4.774 MeV), ns 75 = 3.10 MeV ("’B(6,7,8) = 5.11, 5.16, 5.18 MeV), ng1p=
2.20 MeV ("’B(9,10) = 5.92, 6.025 MeV), n;; = 2.04 MeV ("’B(11) = 6.127 MeV), n,, = 1.55 MeV (’B(12)
=6.561 MeV) and n3,, = 1.10 MeV ("’B(13,14) = 6.881, 7.0 MeV) . The thick target spectrum obviously
reflects the features of a thin target spectrum folded with the slowing down of the incident deuterons in the

target material.
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Figure 4. Time-of-flight spectra of the °Be(d,n)"B reaction at incident deuteron energy of 4.0
MeV, at 0°, obtained with targets of 2 mm and 5 um thickness. Neutron groups corresponding to

105

different finai states of the residuai *°B nucieus are indicated.

Figures 6a-6f show the spectral distributions from the thick target Be(d,n) reaction measured for deuteron
energies 0f 0.9, 1.5 and 4.0 MeV , at 0° - 120° range of laboratory angles.

There is a dramatic change of spectral shape when deuteron particles are accelerated beyond 1 MeV due to
the appearance of lower energy neutrons leaving "B in one or more of the final states at 5.11, 5.163 and
5.18 MeV (Figure 5) (E, < 1 MeV and E, < 3.5 MeV for deuteron energies of 1.5 and 4.0 MeV,
respectively). These lower energy neutrons dominate the spectra and rapidly increase the yield for £, > 1
MeV. The higher energy neutron groups correspond to transitions to the ground and the first five excited
states in '°B namely, 0.718, 1.740, 2.154, 3.587 and 4.774 MeV (Figure 5).
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The Be(d,n) thick target yieids are presenied in Figuies 7a-7c.
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Figure 6. Neutron spectra at a range of laboratory angles of 0°-120° produced in bombardment
of a thick Be target with deuterons of energy 0.9 MeV (a,b), 1.5 MeV (c,d), 4.0 MeV (e.f).
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Figure 7. Neutron yield angular distributions for thick target Be(d.n) reaction at deuteron energiet
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The common features of the angular dependence of the thick target yields can be discussed on the basis of

7h). The vield cu
75). The yie v

the yieid curve for £4 = 1. for the lower energy neutron groups has its

at 0° and d with i

laboratory angle and does not exhibit any significant
structure. The yield for the higher energy group increases initially and peaks at 20°-40°. Peaking at angles
away from 0° is a characteristic feature of the (d,n) stripping process, where the proton is captured with an
angular momentum of /> 1. Bauman et al. compared the angular distributions with a direct reaction theory
using the distorted wave Bom approximation (DWBA) for E; = 8 MeV [64]. The first four transitions

SWRA o the tvmical Ba

compared very weil with DWBA and show the typical pattern

curve for the lower energy neutron groups indicates the superposition of

momentum transfers.

The calculated average neutron energies (Figure 8) are in very good agreement with data published by
Meadows [65] (Figure 9), but differ significantly from data by Inada e al. [61] due to their overestimation
of neutron forward peaking effect, later corrected by Whittlestone [62].
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Figure 9, Comparison of spectral
shapes between Meadows [65] and
the present study.
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4.1.2 Gamma-ray Production

A TOF-gated gamma-ray energy spectrum taken at a laboratory angle of 80°, for E; = 4.0 MeV, is
presented in Figure 10.
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Figure 10. Thick target Be(d,n) reaction TOF-gated gamma-ray spectrum at a deuteron energy of
4.0 MeV obtained at a laboratory angle of 80°. The numbers indicate the energies of the gamma-
ding to B tion levels are given in brackets; SE

ape, respectively and (d,p) indicates the gamma-

ray lines in keV, and

and DE stand for singie escapé an
ray lines resulting from the 98e(d,p)"*B reaction.

The gamma-ray spectra for all incident deuteron energies under investigation were dominated by the 718

. . 19
keV emission, corresponding to transition from the first excited state to ground state in the "B nucleus.
i sy seen were: 1022, 1436 and 2869 keV lines resulting from transitions from levels: 2 (1740

keV), 3 (2154 keV) and 4 (3587 keV) to level 1 (7 18.4 keV). With the exception of level 2, the transitions
ly weaker than the transitions to the

to the ground state were also evident and they were always significant]

first excited level.

The 4462 keV and 3026 keV lines corresponded to transitions to level 1 and 3 from level 8 (5180 keV)

These appear in the spectra for E;= 1.5 MeV/ and E; = 4.0 MeV (Figure 10). For both deuteron energies the

8-3 transition was stronger than the corresponding 8-1 tra
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Finally, the 6025 keV and 6125 keV lines, correspond to ground state transitions from levels 10 and 11,
respectively, and were seen in the spectrum for E; = 4.0 MeV. The 3368 keV gamma-ray line, resulting

4 state from the first .d state in '°B in the competing *Be(d,p)' B reaction

from a transition to the ground state from the first exc

(Q =+ 4.59 MeV), was pronounced in all spectra.

The relative gamma-ray intensities for transitions going from level 4 to 0 in "B are approximately 1:4:10
for E;= 0.9 MeV, E; = 1.5 MeV and E, = 4.0 MeV, respectively. These correspond well to the observed
relative intensities of the higher energy neutron groups that result from the stripping process. For the

transitions from level 8, the relative g: i ities are approxi ly 1:8 for E;= 1.5 MeV and E;

= 4.0 MeV which compares very well with the relative intensities of the reievant iow energy neure
groups. It is clear from the above results that the neutron groups corresponding to excited states in "B
below 4.774 MeV are all accompanied by gamma-ray cascades through the intermediate levels. The
corresponding gamma-ray yield is greater than the neutron yield for these transitions. The gamma-ray
emissions corresponding to a triplet of levels in 18 around 5.2 MeV are not seen in the spectrum.
However, it must be noted that all levels above 4.774 MeV have an o-decay mode. This accounts for the
low intensity of the gamma-rays from the transitions involving level 8, in spite of the strength of this
channel in the neutron spectra. The relative gamma-ray to neutron yield ratio measured for E; = 4.0 MeV is
L6.

4.1.3 Conclusions

The °Be(d,n)"*B reaction is a very convenient choice for applications where large neutron fluxes are
required and the neutron energy is of secondary importance. The large positive Q-value results in several
neutron groups that are always produced in transitions to the lowest levels of the residual '°B nucleus. The
reaction yield is dramatically enhanced when the incident deuterons are accelerated beyond 1 MeV,

vels at 5.11, 5.163 and 5.18 MeV in the B nucleus.
The yield of these low energy neutrons is significantly higher than the yield of the higher energy neutrons
resulting from transitions to lower levels in the 1°B nucleus. The maximum energy of these low energy
neutrons can be controlled by the energy of the incident deuteron. When a thick target is used, a uniform
spectrum of neutrons is produced with a low component of neutrons at the higher energies.

The slgmf cant gamma-ray production resulting from the °Be(d,n)'°B reaction is of particular importance

for in

. Neutron ion is ied by cascades of gamma-rays with
energies above 1 MeV that result in a gamma-ray per neutron ratio of nearly 2. Since most of the image

detectors used for radiography are sensitive to g:

ys a signi contrast d due to the

gamma-ray component of the beam can be expected in such systems.

4.2 "Li(d,n)"Be

e thick target 7Li(d‘n)'Bc reaction at low incident deuteron energies is quite prolific, nearly matching the
yneld of the more often used *Be(d,n)"’B reaction, at incident deuteron energies below 10 MeV. Due to the
high Q-value of +15.03 MeV the neutron spectrum extends to high energies even if the incident particle is

channels in d of "Li with relatively low

at a relatively low energy. The neutron p

energy deuterons are presented in Table 5.

Reaction

Table 5. Nuclear reactions contributing to neutron production in bombardment of "Li with low

energy deuterons.

The main disadvantage of Li as a target material is its low melting temperature of 179°C, which in practice
severely limits the beam power that can be used with such targets. It was however recently reported that for
a special design of the target assembly and enhancing the surface area for heat transfer, it was possible to

dissipate 50 kW of beam current in the lithium target and sustain iis io

Neutron spectra and yields have previously been measured in the deuteron energy range well above 10
MeV for this reaction [58-60]. The details of neutron and gamma-ray production at low incident deuteron

energies are not available in the literature.

4.2.1 Neutron Production

A TOF spectrum for a deuteron beam of energy 4.0 MeV, incident on a thin Li target is presented in Figure

11.

35



62 Reactions

A& temiolive broag level ot 28.8 MeV 15 noT SMOWR LI ST e AT
140000 27.487-Me\ leveis decoy QisG Dy OBULEron emissioan.
4 =1.8 MeV

120000 Gamma-rays o 3 b o
S 100000 | n3=22MeV - —
= ! L T
g 80000 n0,1=17.0 MeV/ i “ :
S ' ;
60066 | n2=76MeV A
c : .
3 40000 i
8 1 n5=0.9 MeV

20000 E

0 e /\

0 10 20 30 40 50 60 70 8 90 100
Time-of-flight [ns/m]

Figure 11. Time-of-flight spectrum obtained in bombardment of a thin Li target with a 4 MeV
deuteron beam at 0°. Neutron groups corresponding to different final states of the residual *Be
nucleus are indicated.

As many as 5 neutron groups corresponding to various residual states of *Be (Figure 12) were resolved in
the thin target spectrum: ng; = 17.0 MeV (*Be(0,1) = 0, 2.94 MeV), n, = 7.6 MeV (*Be(2) = 11.4 MeV), n3
=22 MeV (*Be(3) = 16.627 MeV), n, = 1.8 MeV (Be(4) = 16911 MeV) and ns = 0.9 MeV (*Be(5) =
17.642 MeV).

&

T

The neutron continuum of relatively low intensity, due to multi-body reactions detailed in Table 5, is also

seen in the spectrum.

The thick target spectra for deuteron beams of energy of 0.9, 1.5 and 4.0 MeV, obtained at laboratory
angles of 0°,40°, 80° and 120° are presented in Figures 13a-13c.
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The broad characteristics of the "Li(d,n)*Be reaction are similar to the characteristics of the *Be(d,n)"’B

reaction, except that the strong, low energy neutron group only appears after the channels through levels 3
(16.627 MeV) and 4 (16.911 MeV) in *Be are open.

\
\

le

Due to the high reaction Q-value, all neutron spectra extend well above 14 MeV with two broad peaks
around 3 MeV and 12 MeV. These peaks result from emission of neutron groups corresponding to the
second excited state at 11.4 MeV (3 MeV neutron peak) and to the ground state and the first excited state at
2.94 MeV (12 MeV neutron peak) in the residual *Be nucleus.

bl el 4 doeron emergy O
matic change in the spectral shape for the spectrum obtained with deuteron energy of 4.0

T T T
\u
:

o
jo
+

MeV. This is due to the appearance of the neutron groups leaving ®Be in final states at 16.627 MeV and

16.911 MeV. These low energy neutrons dominate the spectrum and significantly increase the overall
reaction yield.

The Li(d,n) thick target neutron yields are presented in Table 6. .
Figure 12. Nuclear level structure of °Be [80].
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Table 6. Neutron yield for the thick target Li(d,n) reaction for deuteron energies of 0.9, 1.5 and

= 9?? 4.0 MeV, at various laboratory angles.
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The spectrum is dominated by the 477.6 keV and 980.8 keV lines that result from transition to the ground
state from the first excited levels in 'Li and fLi, respectively. These are due to the following nuclear
reactions: 'Li(d,d’)'Li* and 'Li(d,p)’Li (Q = - 0.192 MeV). Also identifiable are gamma-ray lines
originating from shielding materials: 2223 keV and hydrocarbons present in the vacuum system: 3088.4,
3684.4 and 3853.6 keV, resulting from de-excitation of the B3C. There are no gamma lines generated in the

de-excitation of the residual *Be nucleus because all the levels below 17 MeV decay by a emission.

The total gamma-ray yield at deuteron energy of 4.0 MeV was measured as ~ 2 x 10° gamma-ray photons /

keV / st / uC. Comparing this result with the neutron yield (Table 6), there is one gamma-ray photon

1y low eneray
ly low energy

3
a
&
P

of 477.6 keV.

4.2.3 Conclusions

The 7Li(d,n)"Be reaction exhibits very similar characteristics to the 9Be(d,n)mB reaction. The very large
positive Q-value results in neutron spectra extending well above 14 MeV, with the two distinct neutron
peaks corresponding to the first three excitation states of the residual *Be nucleus. The neutron yield in the
lower energy range is significantly enhanced when the excited states at 16.627 MeV and 16.911 MeV in the
residual *Be nucleus are populated. The neutron yield is only marginally lower than that for the *Be(d,n)'’B

reaction.

There is approximately one gamma-ray photon produced per neutron with the major gamma-ray component
below 1 MeV, which makes the 'Li(d,n1)*Be reaction a potentially better choice for applications in high
energy neutron radiography than the °Be(d,n)'B reaction. However, the poor thermal properties of Li

metal severely limit its applications with high current accelerators.
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5. CHARACTERIZATION OF THE °Be(p,n)’B AND "Li(p,n)'Be REACTIONS
5.1°Be(p.)’B

Interest in the thick target *Be(p,n)’B reaction at low incident proton energies has recently increased due to
its potential for the application in cancer treatment by BNCT. The reaction can also be used as a quasi
mono-energetic neutron source for proton energies below 4 MeV. The good thermal properties of the
metallic Be target allow it's use at high particle beam currents. The negative Q-value of -1.85 MeV results
in the neutron spectrum not exceeding 2.5 MeV if the incident proton beam energy is kept below 4 MeV.
The neutron producing channels in bombardment of “Be with relatively low energy protons are presented in
Table 7.

Reaction Q-value
MeV]

Be(p,npa) He - 1.57
Be(p,np) Be - 167
“Be(p,n) B - 1.85
"Be(p.p)’He -267
SHe-*He+n +0.89
e(p,nat)’Li -3.54
Be(p, He)'Li 7440
‘He - ‘He+n +0.89

Table 7. Nuclear reactions contributing to neutron production in the bombardment of *Be with low

energy protons.

Neutrons resulting from multi-body reactions may have energies higher than the ground state neutrons of
the *Be(p,n)’B reaction because thresholds for break-up processes occur at a lower energy,

Table 7.

as shown in

The Be(p,n) reaction has been investigated previously, mostly for an incident proton energy range above 10

MeV [56-60, 81, 82], but the data is very fragmented. Apart from work in the early 1950°s and 1960’s [83]
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and a recent publication by Howard et al. [68], there is little data describing the reaction at low incident

-ray spectra and yields.

proton energies, especialiy for thick tatget ne
The aim of this work was to establish the range of proton energies in which the reaction can be used as a
quasi-mono-energetic neutron source, as well as to investigate neutron and gamma-ray spectra and yields

for selected proton energies in thick target reactions.

5.1.1 Neutron Production

The broad features of neutron production in the relevant incident proton energy range may be discussed on
the basis of the TOF spectra obtained with thin Be targets. The experimental work for £, > 4.0 MeV was

carried out on the 6 MV tandem Van de Graaff accelerator located at the Schonland Research Centre for

SRCNS). Three ns proton pulse:

nt on 7.5 um and 15 um thick Be targets on
a Ta backing at a repetition rate of 2 MHz. The TOF detector, described previously, was biased at 550 keV

of proton recoil energy and was used in the electronics set-up presented in Figure 1.

The TOF spectra obtained by bombardment of the 7.5 wm thick Be target with proton beams of energies of
3.0 and 3.8 MeV are presented in Figure 15 (note the logarithmic scale).

100000
E,=3.0MeV
—— E=38Mev n0=19MeV
00 =1.1 MeV
o 10000
= \
X |
B |
g A
z o I
g mma-rays Break-up |
3 1000 E,=22MeV
100 L
0 25 50 75 100 125 150 175 200
Time-of-flight [ns]
Figure 15. Time-of-flight spectra obtained in the bombardment of a 7.5 um thick Be target with

3.0 MeV and 3.8 MeV protons. Flight path = 2 m, timing resolution ~ 2 ns. Ground state neutrons
are labelled n0 and maximum energy of break-up neutrons is also marked (£, = 2.2 MeV for £, =

3.8 MeV).

1)

The mono-energetic peaks arising from ground state neutrons occur at £, = 1.1 MeV and 1.9 MeV for £, =

3.0 and 3.8 MeV, respectiveiy. The broadening of the peaks is a resuii of ihe siowing-dowi of the incids

proton within the target material. For a target thickness of 7.5 um, TRIM (84] calculations indicated
neutron energy spreads of 115 keV and 138 keV for for E, = 3.0 and 3.8 MeV respectively. These are in

very good agreement with the measured values.

Also clearly seen is a neutron i underlying the getic peaks that results from the multi-

body break-up processes. The maximum energy of break-up neutrons for £,= 3.8 MeV is 2.2 MeV, and is
higher than that of the ground state neutrons due to lower thresholds for break-up reactions. The relative

contribution of the break-up neutrons to the overall yield is however not significant in this energy range.

The TOF spectra obtained in the bombardment of the 15 pm thick Be target with protons in the energy
range of 4.55 —9.95 MeV are presented in Figures 16a— 16c.

At E, = 4.55 MeV the spectrum is still dominated by the getic peak, cor ding to ground
state neutrons that is superimposed on the break-up neutron continuum. There is no evidence of a neutron

group corresponding to the controversial 1.68 MeV level in °B (Figure 17).

The second neutron group corresponding to the 2.361 MeV excited state in °B becomes evident in the
spectrum for E, = 5.65 MeV. The yield of the second neutron group increases steadily with increasing
proton energy and eventually equals the yield of the ground state neutrons at E, =9.95 MeV. The yield of

the break-up n
break-up n

important for £, >4 MeV and becomes a dominant part of the spectra for
E,= 6.5 MeV. Only the ground state and 2.361 MeV levels in °B are populated for £, < 10 MeV.

The background neutron spectrum resulting from interactions of protons with the tantalum backing of the
target, at E, = 9.95 MeV, is presented in Figure 18.

The broad continuum of neutrons results from the '*'Ta(p,n)'*'W reaction (Q = - 0.97 MeV) and proton

lowing-d and ling p! The cross section for this reaction is small at lower proton energies

and rises rapidly to reach a maximum of 100 mb at £, = 9.5 MeV [85). The contribution of Ta(p,n)

neutrons is insignificant for £, <9 MeV.

The high relative intensities of gamma-ray peaks in TOF spectra obtained with 7.5 um target (Figure 15),
in comparison with those obtained using a 15 pm target (Figures 16a-16¢), are due to interactions of
protons with the permanent copper support of the thinner target.

The thick target neutron spectra were obtained at proton energies of 2.57, 3.0 and 4.0 MeV and are
presented in Figure 19a-19f.

The lower neutron energy cut-off at 250 keV is due to the detector bias. The maximum energies of the

ground state neutron groups are 0.65, 1.10 and 2.12 MeV for £, = 2.57,3.0 and 4.0 MeV, respectively. The

presence of neutrons at energies higher than the maximum ground state energy is clearly evident in the
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Figure 16, Time-of-flight spectra obtained in the bombardment of a 15 um thick Be target with

protons in the ener.
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7.95 MeV and ¢ - E, = 8.95 and 9.95 MeV,). Flight path = 2 m, timing resolution ~ 3 ns. Ground

state and the first excited state neutron groups are indicated by n0 and nf, respectively.
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For all the investigated proton energies the maximum yield is observed near 0°. It decreases with increasing
laboratory angle and reaches a minimum around 80°, at angles in the range from 80° to 120° it increases

again.
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5.1.2 Gamma-ray Production

TOF-gated and ungated gamma-ray spectra obtained in bombardment of thick Be with 4.0 MeV
The TOF-gat

protons are presented in Figures 21a and 21b. The major gamima-tay
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The TOF-gated spectrum, which represents gamma-ray emission from the target area during the proton
beam pulse, is dominated by the Compton scatter background from high energy gamma-rays. Strong 511

keV annihilation peak and the heavily Doppler-broadened peak centered around 3570 keV and its first and
second escape peaks.

The Doppler broadened line results from the *Be(p,a)°Li reaction (Q = - 2.126 MeV) leaving °Li in the
excited state at 3563 keV, which subsequently decays by gamma-ray emission. No other gamma-ray lines
that result directly from proton interactions in Be were identified.

Other major gamma-ray lines include proton-induced prompt emission from the copper target holder (669,
691.3 and 962.2 keV), neutron-induced lines in the Ge crystal of the detector (596.4, 595.8 and 868.4 keV)

nd construction

778 keV from YAl

2Si(n,n"y)*Al, 847.1 keV from *Fe(n,n"y)**Fe and, notably, the 2223 keV line from 'H(n,y)?H.
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Figure_21. TOF-gated (a) and ungated (b) gamma-ray spectra at 40°, obtained in i€

bombardment of a thick Be target with 4.0 MeV protons. The major gamma-ray lines are identified
in keV.

e
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Also seen are high energy (E, > 4 MeV) gamma-ray peaks resulting from neutron interactions with

surrounding materials. These peaks result from ti lated and are signi 1

suppressed by the TOF-gate but are clearly visible in the ungated spectrum. The following lines are
identified: 3539 and 4934 keV from *'Si, 6110.9 and 7413.8 keV from *Cl and 7278.8 and 7645.5 keV
from Fe, which are all accompanied by the first and second escape peaks. Similar gamma-ray lines are

observed in gamma-ray spectra obtained in the bombardment of thick Be with 2.57 and 3.0 MeV protons.

The gamma-ray yields (for 260 keV < E, < 8191 keV) were measured for all incident proton energies after
correction of the spectra for the detection efficiency. The results, presented in Table 8, indicate that there is
less than one gamma-ray photon per neutron produced in the thick target Be(p,n) reaction, at the energy

[P
range investigated.

Gamma-ray yield
E, [MeV] [y/keV/pClsr] x 107
TOF-gated Ungated
257 0.82 8.51
3.00 215 25.5 |
4.00 6.56 86.6

Table 8, Gamma-ray yield (260 keV < E, < 8192 keV) at 40° for a thick target Be(p,n) reaction for
E,=257,3.0and 4.0 MeV.
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This ratio ically changes if all g ys, including secondary effects, are counied, and depends

on the specific ti ditions of the i In the 1 diti ibed in this

thesis and in the proton energy range under i ion this ratio was i ly 10 g y

photons per neutron produced.

5.1.3 Conciusions

5 . . . .
The Be(p,n)’B reaction can be used as a quasi mono-energetic fast neutron source in the proton energy

range below 4.5 MeV. In this energy range the neutron yield results from the strong emission of the single

neutron group corresponding to the ground level of residual *B nucleus and a relatively low intensity

higher than the ground state neutrons due to lower reaction thresholds. Hence, the “Be(p,n)’B reaction can
replace the more often used "Li(p,n)"Be for E, < 4.5 MeV, in applications where large proton current is

required.

The second neutron group emerges at E, > 4.5 MeV and increases in intensity with increasing proton

energy. The break-up continuum yield also increases steadily and dominates the spectrum for E, >7 MeV.

The gamma-ray spectrum is i by the Doppl dened 3563 keV line that results from the
excitation of the °Li nucleus in the Be(p,ot)°Li reaction. There is less than one gamma-ray photon produced

per neutron in the thick target reactions.

5.2 "Li(p,n) Be

The "Li(p,n)'Be reaction (Q = -1.644 MeV) is one of the most often used reactions for a source of quasi
mono-energetic neutrons of energies up to 4 — 5 MeV. The reaction produces a single neutron group from

an incident proton energy threshold from 1.881 MeV up to 2.4 MeV. Above 2.4 MeV bombarding energy,

ihe first "Re at 0.43 MeV is excited and results in a second neutron group. However, for E,
< 5 MeV, the yield of the second neutron group is always less than 10% of the yield of the ground state
neutron, and therefore the mono-energetic character of the reaction is only slightly compromised. The
usefulness of the 7Li(p,n)7Bc reaction as a source of mono-energetic neutrons above 5 MeV bombarding
energy is limited due to multi-body break-up reaction of "Li(p,n’He)*He (Q = - 3.69 MeV), which produces
2 continuum of slow neutrons. In addition, the yield of the second neutron group also increases rapidly as
bombarding energies incicase even farther and 2 third neutron group appears at a proton energy of 7.11

MeV due to excitation of the 4.57 MeV level in "Be.
A contribution from “Li(p,n)°Be reaction (Q = - 5.92 MeV) may be seen at higher bombarding proton
energies, due to the presence of°Li in the natural metal (7.5% isotopic abundance).

The experimental data prior to 1973 was evaluated by Liskien and Paulsen [77], for proton energies up to 7

. recent data were compared by Drosg (55} who observed some minor discrepancies with

previous work. Neutron intensities and energy distributions for protons below 5.5 MeV incident on a thick
Li target were calculated by Clayton and Spackman [86).

Natural Li metal oxidises easily and care has to be taken when mounting such targets on to the beam-line.
Oxidation results in a significantly lower neutron yield and contamination neutrons. Lithium fluoride (LiF)
is often used as a target material due to its better chemical stability compared to pure Li metal. This,
however, results in a factor of three decrease in neutron yield compared with pure metal target [87]. In
addition, the contribution of neutrons from 19 (p,n)'*Ne (Q = - 4.021 MeV) reaction is not negligible [87).
The pure natural Li targets that were used in this work were prepared by vacuum deposition of a suitable
thickness of the metal onto the Ta backing. It was and subsequently covered with a 3 pm thick Havar foil to
prevent oxidation. This resulted in slowing-down of the proton beam within the foil material. The

interactions between protons and Havar contributed to the gamma-ray emission.

5.2.1 Neutron Production

The TOF spectra obtained in bombardment of thin natural Li targets with 2.36 and 3.70 MeV protons are

presented in Figure 22a and 225.
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The single neutron group, at E, = 638 keV, corresponding to the ground state of 'Be, is the only group seen =
in the spectrum obtained with £, = 2.36 MeV, while the two separate neutron groups at E, = 1.99 and 1.53 g 15
MeV, are seen in the spectrum obtained with £, = 3.70 MeV. These two neutron groups correspond to the § 1
ground state and the first excited state of the "Be residual nucleus (Figure 23). Clearly, the yield of the g 0.5 \ . N~
second neutron group is significantly lower than that of the ground state neutrons. The neutron energy tA 0 T

spread observed in both spectra is due to the slowing-down processes of the protons, while traversing the

target. The measured values of ~ 70 keV (Figure 22a) and ~ 95 keV (Figure 22b) agree very well with the
TRIM (84] calculations.

The neutron spectra obtained at a range of laboratory angles in the bombardment of the thick natural Li
target with a proton beam of energy of 2.32 MeV are presented in Figure 24a and 24b.
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The spectra show a single neutron group folded with the proton slowing-down in the target material. The
rapid increase of the slow neutron yield at E, ~ 300 keV is a result of a sharp resonance in the reaction
cross-section at E, ~ 2.25 MeV (Figure 25).
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Neutron energy spectra obtained in {he bombardmcnt of thick natural Li target with 4.28 MeV protons in
the laboratory angle range of 0° ~ 90° are presented in Figure 27.
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Figure 27. Neutron energy spectra obtained in the bombardment of a thick natural Li target with
4.28 MeV protons in the laboratory angle range of 0° - 90°. The onset energy of the ground state
(n0) and the first excited state (n1) neutrons at 0° are indicated in MeV.

These spectra were obtained with the detector bias corresponding to 0.55 ‘MeV of recoil proton energy. The
empirical equation proposed by Drosg, [89] was used to correct the TOF spectra for detection efficiency:

Bﬂ;{!_e»wz.,.n,,ru,,w«mz)]}’ @

S5 [
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where: &(E,B) is the absolute efficiency of the detector, [ is the neutron energy, B is the detector bias, 1 is

the detector thickness, 7y is the number of hydrogen atoms per unit volume and oy is the total cross section

for hydrogen.
The spectra show twe distinct neutron groups folded with the proton slowing-down in the target material.

The threshold energy for the group associated with the ground state (n0) and the first excited state (i), for
~ 800 keV is @

are indicated in MeV. The rapid increase of the slow neutron yield at E,
at E,~2.25 MeV (Figure 25).

neutrons at 0°,
result of a sharp resonance in the reaction cross-section

The total neutron yield (for E,>0.55 MeV) is presented in Table 9.



The gamma-ray spectrum is dominated by the 478 keV line resuiting from the "Li(p,p"ﬂLi' Tc:

Laboratory Neutron Yield
Angle [Deg] o MeV' sr' pC x10°
0 75
30 64
60 29
90 15

Table 9. Total neutron yield (for £, > 0.55 MeV) for a thick natural Li target Li(p,n) reaction.

A very strong forward-peaking of the neutron production is evident.

5.2.2 Gamma-ray Production

The TOF-gated gamma-ray spectrum obtained in the bombardment of a thick natural Li target with 232
MeV proton beam at 40° is presented in Figure 28.
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Figure 28. TOF-gated g y i in the of a thick natural

lithium target with a 2.32 MeV proton beam.
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2223 keV line from the 'H(n,y)’H reaction in the shielding material is also clearly seen.

The total gamma-ray yield (for 400 keV < E, < 8000 keV) measured at 40° was 2.7 x 107 y st uC and
indicated a 3:1 neutron-to-gamma-ray photon ratio at £, = 2.32 MeV.

5.2.3 Conclusions

The 7Li(p,n)7Be reaction, with a thin lithium target, is a useful source of quasi mono-energetic neutrons in
the incident proton energy range below 5 MeV. In spite of the two neutron groups being produced for E, >
2.4 MeV, the yield of the second neutron group is always less than 10% of the yield of the ground state

neutrons, for E, < 5 MeV, resulting in getic neutron einission

The low gamma-ray yield in the 7Li(p,l|)7Be reaction allows for the production of the high quality neutron
beams for nuclear experiments, and for fast neutron radiography in particular. The reaction itself produces
almost negligible gamma-ray yield because of the relatively high threshold (2.4 MeV) for the population of
the first excited state in the 7Be residual nucleus. The decay of the Li* nucleus, resulting from (p,p’)
reaction produces the 478 keV gamma-rays, which can be easily filtered out. This results in the high quality
beams having maximum yield of neutrons of a required energy with minimum contamination by gamma-

rays and neutrons of other energies.

The low melting point of Li metal (179°C) is a serious limitation for applications that require high particle
beam currents. The use of Li compounds, such as LiF, result in better thermal properties and chemical

stability of the target at the expense of netron yield and increased beam contamination.
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TION OF THE “H(d,n)'He REACTION WITH GASEOUS TARGETS

n addition, power dissipation in the target is effectively handled

through the heat exchange in the gas. The use of a windowless gas target at relatively high pressures

The reaction *H(d,n)*He, known as the D-D reaction, is one of the ‘big four’ mono-energetic neutron
producing reactions and is widely used for the production of neutrons in the 2 — 8 MeV energy range.
Practical advantages of the D-D reaction such as the emission of a single, kinematically forward-
collimated, neutron group, a large positive Q-value (Q =+ 3.27 MeV) and large cross-section for neutron
production, make it an ideal choice in applications where large fluxes of mono-energetic neutrons, in the
range of several MeV, are required. The usefulness of the D-D reaction as a source of mono-energetic
neutrons at energies in excess of 8 MeV decreases because of the appearance of low energy break-up
neutrons at a break-up threshold of E; = 4.45 MeV.

There are numerous articles and review papers

applications. A very comprehensive st
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laboratory di ial and total tions were d by Liskien and Paulsen [78] on the basis of
available thin target data. This data was later evaluated by Drosg and Schwerer [55].

The development of accelerator-based intense D-D neutron sources is largely limited by the target system.
This is particularly true with modern RFQ linacs and other small accelerators where it is possible to
accelerate up to several mA of beam, to energies in the low MeV range, at a relatively low cost. In the
design of a suitable target, there is a particular advantage when using the pure elemental form of the
material, rather than a mixture or compound, in the nuclear reaction employed. The available particle beam
can then be fully utilised. This provides a challenge in the design of targets for those elements that occur in

a gaseous state at the operating temperature and pressure of the target.

The D-D and D-T reactions fall into this category. Traditionally these hydrogen-isotope targets have been
used in the form of hydrided metals such as titanium or zirconium [481. A serious problem in this approach
is the decrease in neutron yield with prolonged bombardment. In addition, the beam is slowed-down
extensively in the metal and only a relatively small fraction is used effectively for the production of fast
neutrons. Another approach has been to use a gas cell with a thin window, typically a thin metallic foil. A
number of ingenious developments of this approach have been reported [90-94] but in high intensity
applications it is fundamentally limited by the ability of the window to withstand high beam currents and
high target pressures. In addition, reactions resulting from interactions of the beam with the window
material produce gamma-rays and complicate the emitted neutron spectrum. Heavy water targets meet the
beam power dissipation requirements but, as well as hydrided metal targets, suffer from lower neutron
output, large neutron beam energy spread and, most important, a large degree of neutron beam
contamination, due to the presence of oxygen [95, 96].

In the case of deuterium, a windowless gas target has many potential advantages. There is no loss of beam

energy either in a window or in a matrix material, so that the maximum neutron output is achieved per
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involves the use of differentially pumped cells connected by small-bore apertures. The gas toad ot the
system can be very high and as a result the gas pressures reported in the literature for such targets with
plain orifices are limited to about 100 mbar [97-101). A variation of this approach has used a supersonic jet
to create a highly localized high pressure target zone while capturing most of the jet in a suitable exhaust to

ially pumped system [102-109]. However, a very high feed

reduce the pumping load on the di

pressure is required to achieve a suitable density in the target zone. There is also a need for the jet zone to

be small, in order to create a high-density region with a b irculation load on the p

and this tends to limit the overall reaction yield.

In the case of an accelerator operating in a pulsed and bunched mode, a different approach can be adopted.
In such an accelerator, for example the RFQ linac, a very high peak current can be combined with a low

the target between beam
" between be:

duty cycle. A suitable shutter mechanism can then be effectively used fo isolate the target betw

pulses, and this considerably reduces the gas load on a differentially pumped system while maintaining the
target at high pressure. Bonin and Mcllrath used this approach to separate gases in a laser application [110]

but it can also be used with a pulsed particle accelerator.

Two different designs of the gas target systems were developed for application in this project, i.e., a cooled
windowed gas target and a differentially pumped gas target [111]. A description of the two types of gas

targets and a comprehensive characterization of the neutron and gamma-ray production, for the two cases

follows.
6.1 Cooled Windowed Deuterium Gas Target

6.1.1 Target Design

Information regarding the pressure holding capabilities of metal foil windows of various diameters and foil

thickness have been reported in the literature
ea, are used to withstand intense (10 - 100 pA) high energy (MeV) ion
that they slow-down the incoming ion beam
kground contribution. Based on reported

91, 94, 112, 113]. In most instances relatively thick foils

(tens of pm), of
beams. The disadvantage of using thick entrance windows is
significantly and result in high gamma-ray and slow neutron bac]
nce it was decided from the outset of this work that the superior properties of the metal, Havar,

experie: '
physical properties of Havar is

would be used in the development of the gas target. A summary of the

presented in Table 10.
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tion{%} 1400
Be | C | Co | Cr | Fe | Mn s
0.048 | 020 | 41.65 | 19.61 | 1975 [ 1.55 g, 1000
L @ 1.2 MeV

8 800

Physical properties >
g 600

Tenstiestrength | 965 Mpa—— [ Melting peiat 1430°C 5
400
Modulus elasticity 207 Gpa Thermal expansion coefficient 125x10°KT 200
Density 832gem” Thermal conductivity BOWm K’ 0

0(23456789101112\3‘415

Table 10. Properties of Havar [114].

Cooled window gas targets with a grid system to lend extra support to the window (115] indicated that high
beam currents could be handled, however this arrangement would be inappropriate in our case due to the
high gamma-ray vield that would result from the beam interactions with the grid. Due to the fact that the
incident deuteron beam energies were fixed by the type of accelerator to be used any beam energy losses,
due to the target window, had to be kept to a minimum.

The energy loss experienced by 1,3 and 5 MeV deuteron beams traversing various thickness of Havar were
calculated using simulation routine TRIM [84] and are presented in Figure 29.

Previous experience with 3 m Havar foil, S mm in diameter, mounted on a 10 cm long gas cell pressurized
to 1 bar at room temperature, indicated reliable performance. No failure occurred for extended
bombardment times (typically in excess of 400 hours) with a 2.5 ptA beam of 5 MeV deuterons focused to a
5 mm diameter spot. The performance of this gas cell acted as a reference for attempts to improve the
neutron yield characteristics in a more effective system. Critical aspects in the desired system were:

1. a high neutron yield — as a function of gas pressure and cell length for a given beam energy and

current,
2. minimum neutron energy dispersion — specifically at 0° (beam) direction, but also laterally,

3. minimum gamma-ray yield ~ since the detection system would not be entirely insensitive to the
influence of gamma-rays, materials other than the deuterium gas must be kept to a minimum; this
implies the use of a thin entrance window.
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Foil thickness (microns)

Figure 29, Energy loss of deuteron ions traversing Havar foil as evaluated using TRIM [84).

The deuteron beam generated by the accelerator produced a beam spot of 4 — 5 mm in diameter at a specific

focal point. Dispersion of the beam aficr the focal point was rapid, therefore it was desirable to have as

compact a target as possible. This could be attained by increasing the gas pressure, however it was already

known that the rupture thresholds were Jow for the thin Havar to be used.

1t has been reported [116] that the pressure at which the window would burst could be raised considerably

by decreasing the temperature of the gas —and as a result the temperature of the window itself. When such

windows were bombarded with a 8.3 MeV pulsed (800 Hz) deuteron beam current of 120 pA, on a 2x2
3 for

mm spot, over a 10 mm diameter surface, it was reported that the windows were found to sur
extended periods of time.

The main problem areas encountered with developing an appropriate cooled gas target system were:

1. developing an efficient means of cooling the Havar window,

2. removal of the dumped beam energy (up to 500 W) within the gas cell system, 85% of this is deposited

at the end of the gas cell,

lation system to date the above

3. devel of an appropri closed gas ci

Molitoris and Nitschke [94] have reported on temperature measurements of 2 pm Havar cooled with liquid
nitrogen. The temperature increase being 10°C for 10 W absorption and 100°C for 15 W absorption. As
nce across the foil will be small, one must therefore rely on heat transfer to the gas
st be turbulent. On

d with i ing gas

thermal conducta

flowing over the window surface. For the best heat transfer propei

this score, it was also reported that although the cooling prop ies of the gas imp:

pressure, this improvement appeared to reach saturation at a pressure differential of around 250 kPa.
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A schematic diagram of the gas target system, developed in cooperation with the Atomic Energy
Corporation of South Africa (AEC), is presented in Figure 30.

1. heat exchange from the window; for 2.5 pm Havar, will be 0.15 X J,,( watts,

2. heat deposition in the gas due to the beam; for a3 cm long gas cell at a mean cell temperature of 120 K

and pressure of 100 kPa this will be ~ 0.48 x /4 watts,

(A ®) ©)
vacuum 3. heat transfer from the 1 mm thick Ta beam stop. Due to the fact that minimal material is wanted in the
gas out %ﬁ%: forward direction, the circulating gas was used to conduct the heat away from the beam stop area. The
‘ ¥ ﬁ (m amount of heat to be removed will thus be the residual beam energy ~4.37 x [,y watts.
[} &
- ) — Gaussian profile
connection to uniform profile
frame beamline g
holding Havar o
window | I 3
as| £
out cooled fé-
gasin
2
Eigure 30. Schematic of the gas cell system.
S —
1 15 2 25
The window was formed by gluing the foil (Araldite) between two metal plates with apertures with Radius (mm)
rounded edges. The metal plates were made of 2 mm thick polished stainless steel. The vacuum seal
between the frame and the cell was made using an indium o-ring. Several destructive tests were made to . ’ .
confirm the pressure rupture threshold at room temperature. Figure 31. Calculated temperature profiles for Gaussian and uniform beam distribution of 4.5

Pa

aNd D

kPa for 7 mm diameter, which were consistent with previously reported values {111]. Predictions for a

steady state condition, assuming a beam of 3 mm diameter passing through a Havar window of 5 mm,

diameter were cal Forced ion cooling with a heat-transfe fficient of 0.2 W cm™ °C”' was
assumed as well as a temperature constraint of 20°C imposed on the edge of the window (i. e. using a
cooled frame). The resulting temperature profiles for both a uniform beam intensity distribution and a

truncated Gaussian dists

n for 24,5 MeV deut:

As can be seen, the gaussian profile would result in excessive heating of the window. Inclusion of cooling

of the window to liquid nitrogen temperatures was estimated to yield up to a 30% improvement in its beam
handling capability.

The target material is deuterium gas, which is also the coolant for the Havar window. For a beam current,

L4, there will be gas heating due to the 5 MeV deuteron beam from the following sources:

62

MeV ions at 50 pA passing through 2.5 ym of Havar. Beam spot size was 3 mm in diameter, foil

was 5 mm in diameter.

Although the primary aim was to cool the gas to the temperature of liquid nitrogen (77 K), heat losses
during gas transfer as well as heating of the gas due to the full energy of the beam (Ea x Ly watts) would

result in a mean gas temperature in a 3 cm long gas cell of ~ 100 K when using a pumping system capable
of circulating 2.6 1™ of deuterium gas.

The enesgy loss of the deuteron beam passing through 2.5 um Havar is predominated by electronic
interactions with the metallic lattice and will be ~ 140 keV pm" at 1.2 MeV and ~ 60 keV/ pm" at 5 MeV
deuteron energy, respectively.

described above were performed using the 3.7 MeV Van de Graaff
it became evident that reproducible foil behavior

Various tests of the gas target
accelerator at the laboratories of the AEC. In summary,
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could be obtained and that irradiating a cooled window of 11 mm in diameter with 1.2 MeV deuteron beam

0.09 S —
| | Gamma-rays

3
§
[=]

current of 19 pA, focused to a diameter of S mm (equivalent to 49 pA of S MeV deuteron beam), could be

sustained for in excess of 6 hours. Increasing the current above these values resulted in rapid foil failure.

6.1.2 Neutron and Gamma-ray Production

The TOF characterization of the gas target developed was performed using a 5 MeV deuteron beam at an

average current of 1.5 pA. The standard set-up described in section 2.1 was used.

A static gas cell, 10 cm long, with 3 pm Havar window was used for comparison of neutron and gamma-

vas established for average currents of 1.5 uA 5§ MeV

ge currents
deuteron beams, up to a static pressure of the deuterium gas of 1.5 bar. TOF spectra obtained for different

gas pressures are presented in Figure 32.
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Figure 32, TOF spectra at 0° obtained from the bombardment of the reference gas cell (10 cm
long, 3 pm Havar foil, deuterium at room temperature) at different static pressures of deuterium
gas, with a 5 MeV deuteron beam. The maximum value in the neutron peak in the spectrum for 1
bar deuterium pressure was normalized to unity.

An incre i i ith i
increase in neutron yield and neutron energy spread with increasing gas pressure is evident. Whereas

the g . . P .
gamma-ray yield remained unchanged as it originates in the target construction materials rather than in
the deuterium gas.

The origin of the gamma-rays becomes more evident when the TOF spectra obtained with an evacuated gas

cell with Havar window and Havar window removed are compared (Figure 33).

Intensity (Havar) [A. U.]
Intensity (No Havar) [A. U.]

Time-offlight [ns/m]

Figure 33. TOF spectra obtained at 0° in the bombardment of an evacuated reference cell with

and without Havar entrance foil present. Spectra normalized as in Figure 32.

More than an order of magnitude decrease in gamma-ray yield in the TOF spectrum with no Havar present
(also see Figure 34), indicated that the contribution to the gamma-ray yield was largely a result of the
interaction of the deuteron beam with the entrance window, with the remainder originating in the end-stop

of the cell.

The shift in the gamma-ray peak position on the time-scaie, observed iii i€ spe
foil present, corresponds to the time-of-flight of a deuteron beam between the entrance foil and the target
end-stop. A relatively small neutron background is evident in the spectra presented in Figure 33. This
‘background consists of three separate components:

1. fast neutrons resulting from the D(d,n)’Hc reaction on the deuterium ions implanted into the target

end-stop during prolonged irradiation,

2. neutrons from the “C(dn)"N (Q = - 0281 MeV) and 160(d,n)"F (Q = - 1.625 MeV) reactions,
resulting from contamination of the target gas and surfaces with carbon and oxygen,

3. break-up neutron continuum (small in comparison with the D-D neutron intensity).

The TOF-gated gamma-ray spectra obtained with evacuated reference cell with and without the Havar foil

gnitude decrease in gamma-ray ‘background is observed if the Havar foil is removed
ding to the excitations of various

Almost an order of ma

from the deuteron beam. The energies of ga lines
Co, Mo and Ni) are marked in keV.

nuclei constituting the foil material (Fe, Cr,
e 10 cm reference cell and newly developed 3 cm cell

led-d to~100K.

Figure 35 illustrates the TOF spectra obtained for th

1 bar of jum gas at room temp and

As can be seen, the neutron yield obtained with cooling the gas is about three times higher than when a gas

at room temperature was used, and is almost equivalent to the yield of the reference cell. Also clearly seen
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is a drop in gamma-ray yield when a 1.5 ym Havar foil rather than a 3 pm foil was used as a beam entrance

window (note that the gamma-ray peaks have been multiplied by 10).

The double peak feature observed in the gamma-ray peak for the 10 cm long gas cell iss the result of two

& y bursts originating in the entrance window (main peak) and the target end-stop.

deuteron beam time-of-flight through the length of the cell (~ 4.6 ns). Due to the

stem (~ 2 ns) this feature could not be resolved for the shorter, 3 cm gas cell.

The § MeV deuteron beam incident on ium gas produces 8.1 MeV neutrons with a 2.5 pm Havar foil
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Figure 34. TOF-gated gamma-ray spectra at 0° obtained in the bombardment of evacuated
reference gas cell, with and without Havar entrance foil present, with a 5 MeV deuteron beam.
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Figure 35. TOF spectra at 0° abtained

developed target cell (3 cm long, 1.5 ym Havar foil), filed with deuterium gas at room

temperature and cooled-down to 100 K, with a 5 MeV deuteron beam. Spectra normalized as in
Figure 32.

66

as the target window (8.15 MeV for 1.5 pm Havar). The neutron energy spreads over ~ 800 keV due to the

gas cell length (3 cm), deuterium gas pressure (1 bar) and gas temperature (100 K).

The 0° yield of fast neutrons from the D(d,n)’He reaction with 5 MeV deuterons was measured as 3.15 x
10°nsr! 'uC'I: in the 3 cm cell at 1 bar. The maximum 0° output of such a target will therefore reach 1.42 x
10 nsr' s at abeam current of 45 pA.

The background of slower neutrons (£, < 4.5 MeV) was measured as 2.3 X 107 nsr' uC, ie. about 6 % of
the principal neutron group.

The gamma-ray yield varied with the thickness of the Havar foil and was measured as 4.3 x 10"y st pC"

when 2.5 um foil was used and 3.3 x 107y st' uC! when 1.5 pm foil was used.

6.1.3 Conclusions

The 2H(d,n)’He reaction is an ideal choice for production of strictly mono-energetic neutron beams up to
i i neutron energy of 7.8 MeV at a

laboratory angle of 0°. In this energy range, neutrons of other energies only originate from the

contamination of the target. The break-up neutron yield increases rapidly above the threshold energy.

No gamma-rays are produced in the reaction itself. The gamma-ray yield observed experimentally

originates from the construction materials of the target, such as the entrance foil or the target end-stop. It

can be minimized by the use of the thin metallic foils for the beam entrance and metals such as tantalum or

tungsten as the beam end-stop. The high Coulomb barrier of such metais prevents itic muckear

producing background neutrons of energies different from those required for the application.

plications of the 2j(d,n)'He reaction, especially at the high

A parti 1y serious limitation in the

deuteron beam currents, is the necessity of having a target in the gaseous form. The beam enf
a-rays and low energy neutrons, which

trance foils

have to be kept thin in order to minimize the production of the gamm
hic break-ds by the bined effect of the gas pressure and beam heating.

often causes a
The design of the windowed target finally developed for this project uses a 1.5 pm Havar foil as the beam

entrance and tantalum metal as the beam end-stop. The target gas was circulated and cooled to

‘hanism for the di ion of the particle b 8¢ ted

of 100K providing an effective
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heat at the entrance foil and the target end-stop. An additional advantage of the cooling of the target gas is
the increase of the gas density, which facilitates more compact target design for the required neutron energy
spread.

The windowed gas target with a 3 cm long gas cell at 1 bar of deuterium cooled to 100 K with a 1.5 pm

Havar foil used as the beam entrance was fested with a > MeV deuterom beam—Thefongt P £

6.2 Differentially Pumped Deuterium Gas Target

the target could be sustained at the maximum deuteron beam current of 45 pA. This produced 8.15 MeV

neutrons with an energy spread of 800 keV and 2 maximum neutron output of 1.42 x 10%nsrt st at 0

contributed 6.2 % and 8.9 % to the total reaction yield, respectively.

The design of the gas target described here presents an i ive solution to production of

neutron outputs for applications in nuclear experiments. The compact structure of the target as well as very

Jow contamination of the primary neutron beam resulting from its operation, makes it particularly useful for

in fast neutron
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The fundamental limitations of the beam handling capabilities of a windowed gas target do not allow for its
applications where beam currents of the order of hundreds pA and more are required. An altemative
approach is to employ a windowless, differentially pumped gas target system. Such systems are
significantly more complex and expensive than the windowed targets, but they are far better suited to the

high beam current applications.

A differentially pumped gas target has been developed at De Beers Diamond Research Laboratory,
Johannesburg, South Africa [111] for use with an accelerator operating in a pulsed and bunched mode, for
example the RFQ linac. The concept uses a high speed rotary shutter comprising of a set of spinning disc
seals that intermittently close and open orifices in differentially pumped system. The gas target chamber

1s i ted in Figure 36.
SPINNING DISC 'SPINNING DISC
SEAL2 /SEAL 1

-~ MOTOR

|- GAS TARGET
CELL

Figure 36. Schematic of the differentially pumped gas target arrangement.

In this design, the target gas is fed into the target cell-0 at the desired pressure (in this case 1 bar). The cell
gas is then free to escape through a fixed connecting orifice into the chamber-I. Gas flow is impeded by a
disc seal-1 in close proximity to the fixed orifice. Both of these disc seals have three holes drilled in them,



with each hole coming into coincidence with the fixed orifice during rotation of the disc. This lllow.
unobstructed transmission of the ion beam at a frequency in phase with the rotation of the disc.

The effective tube length of the orifice and holes in the disc are made short, to reduce the interface length
between the cell and chamber-I. The leakage rate is not adversely affected because the fiow is choked at the
sonic throat of the orifice. Between coincidences of the holes in the disc and the fixed orifice, the dis¢
limits the gas flow out of the cell through the orifice into chamber-I. The few micron clearance between the
disc and the fixed orifice impedes the gas flow.

Similarly, the disc seal-2 acts to limit the gas flow out of chamber-I into the second expansion chamber-IL
The orifice and hole lengths are longer in this case, to decrease viscous and molecular conductance. Boﬂl
disc seals are mounted on a common shaft located in chamber-I to reduce the mechanical complexity and
simplify the shaft sealing requirements. The shaft is driven by a DC brushless servo motor located outside
the vacuum chamber and sealed using a double radial shaft seal arrangement. The disc seal can rotate at up
to 3000 rpm corresponding to a beam repetition rate of 150 Hz. ’

The orifices connecting chamber-I to —II and chamber-1II to the beamline are plain and long, to dnmue

viscous and molecular conductance, The overall lenoth of the chamber arranaement from the beam line
vigcous and molecular conductance, The overell length of the chamber armangement from the beam line

connection to the beginning of the target cell is 360 mm. For this particular configuration the orifice sizes
were set to allow a 4 mm diameter focused beam to pass through all the orifices. The beam optics, required
the cell orifice to have a 5 mm diameter and the three upstream orifices to have diameters of 5, 6 and 7 mm,
respectively. The second orifice was approximately 30 mm long and the third and fourth orifices were each
50 mm long.

Chamber-I was evacuated by a 1000 m® hr”' Roots pump, while chambers-II and —IIT were both evacuated
by 500 1 5" turbomolecular-drag pumps. The exhaust from these pumps were fed into chamber-I and then
backed by the Roots pump.

The exhaust of the roots pump was fed into a 340 m® hr* oil-sealed rotary vane pump fitted with sutomatic
oil mist elimination and return, followed by cartridge oil filters to reduce oil emission leaving the pump to
less than 0.01%.

The exhaust from the oil-scaled rotary vane pump is used to feed the gas cell in a closed circuit
system. This reci ion line is fitted with a gas to liquid heat exchanger to reduce the gas
temperature of the exhaust to approximately 20°C prior to transfer into the cell,

The re-circulation line to the target cell is also a point in the circuit where deuterium gas is fed into the
system, and where an auxiliary two stage rotary vane pump is inserted to allow for evacuation of the entire
system prior to charging the system with the process gas. The system is fitted with valves and instruments
to allow for effective control and monitoring of the system The entire gas target and pumping
system isilh i in Figure 37,

~a
=

Accelerator System

H(DMe.

Figure 37, Schematic of the differentially pumped gas target vacuum system.

Synchronization of the disc rotation with the beam was achieved using a transmission infra-red optical
pick-up connected to & high speed amplifier. An appropriate delay and triggering system was then used to
achieve the transmission of the beam into the target. This signal could also be used for sequencing other
peripheral equipment such as detectors.

The disc seal performance characterization was modeled using computational fluid dynamics [111). During
testing, ﬁ\—e target successfully operated while coupled to the accelerator and was tested up to a cell pressure
of 123 bar. This is the maximum pressure to which the cxhaust pump could safely pressurize the

line. Typical d target gas d: ics p , under different conditions, are
shown in Table 11.
Gas Type | P, [mbar] | Fypmbar] | Fe/F; | Pmimoar] | Pi/Pu Py (mbar] | Pp/Pm
ATTN; 1000 071 W8 | 96x10T | 73 | 30x10° | 320 |
He 1000 32 55| 70100 314 9x10° | 142
"D, 19 336 | 47x10° | 404 20x10° | 235 |
5 250 73 W SIRI0° | @4 | SAxi0° | 17
Table 11. Gas dy ics p of the diff ly pumped gas target system, measured

for described geometry with various gases [111].




The system was also tested with a gas bottle feed using He and N, gases up to 3 bar absolute since the
characteristics of He are very similar to D; in the system. With the addition of a suitable compressor, the
system could be upgraded to a 3 bar target cell. In order to maintain safe operation of the turbomolecular-

drag pumps, the seal gap needs to be careiully set to 7

teakage.
akage.

The system was found to be very sensitive to any variance in the seal gap size, especially on the first disc
seal. A 50 um gap contributed two thirds of the total leakage in the given configuration and hence, any
variation of the gap due to set-up movement would have a significant effect on the upstream pressures. The
model was reasonably accurate at predicting the leakage for a pre-determined gap on any disc seal
configuration, thus allowing for a parametric study of the gas target system and the final selection of the

pumping system equipment without the need to carry out extensive testing [111].

6.2.2 Neutron and Gamma-ray Production

was performed using pulsed 2.1 MeV and 5§ MeV

deuteron beams.

The gas target was operated with the rotating disc seal spinning at 500 rpm (i.e. coincidence rate of holes
on the disc seal and fixed orifice of the gas cell = 25 Hz). For this rotation frequency the full open-close
period for S mm apertures in the gas target opening and the rotating disc seal was only 2.73 ms per cycle.
Consequently, less than 2% of the incident deuteron beam was transmitted into the deuterium gas in the gas
cell, the remaining majority striking the rotating disc seal.

The standard TOF set-up, as described in section 3.1, was therefore modified to enable gating of the TOF
detector with an external gate of variable width and delay, triggered by an infra-red optical pick-up,
indicating synchronization of a hole in the rotating disc seal with the gas cell opening. Such a gated TOF
spectrum represented the true neutron emission from the target, when the beam repetition rate and the

frequency of rotation of the disc seal were matched.

The gated and ungated TOF spectra obtained with the 2.1 MeV deuteron beam incident on the target
charged with deuterium gas at 1 bar are presented in Figure 38.

The series of gamma-ray peaks seen in the ungated spectrum pond to ive g y bursts
that originate during the passage of the incident deuteron beam through various apertures of the gas target
system. The numbers indicate the particular aperture hit by the incident beam (compare with Figure 36): 14
and B representing the entrance and exit zones in chamber-1, 3 and 4 representing rotating disc seal-1 and

-2, and 5 representing the Ta end-stop of the target.
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Figure 38, Gated and ungated TOF spectra obtained during the bombardment of the target
charged with 1 bar of deuterium gas at room temperature, with 2.1 MeV deuteron beam. Flight
distance = 2 m, timing calibration =0.186 ns ch™.

As expected, the gamma-ray signal is dominated by the emission from the rotating disc seal, which

obstructed the gas cell orifice for some 98% of exposure time.

The following were also clearly seen: the fast neutron peak from then D(d,n)’He reaction at 5.5 MeV and a
background of slow neutrons (E, < 1.7 MeV) resulting from the 2C(d,n) N reaction (Q = - 0281 MeV),
due to the carbon component of the steel material in the rotating disc and residual hydrocarbons in the
‘beamline from the vacuum pumps.

- 100

When the TOF detector was gated with an appropriateiy delayed gaie (100 ms),
beam in coincidence with the rotation of the disc seal was recorded. The gamma-rays in this spectrum
originated almost exclusively in the Ta end-stop of the gas cell, with very little ‘beam hitting the apertures
of the rotating disc seal. The strong D(d,n)*He neutron emission dominates the spectrum while the

background of the C(d,n) 3N neutrons becomes negligible.

The importance of setting of the external gate width and delay correctly is illustrated in Figure 39, where
the gated TOF spectra, obtained in the bombardment of the gas target charged with deuterium gas at 1 bar,

using 5 MeV deuteron beam, are presented.

The properly set 100 ms long gate resulted in a clean TOF spectrum with the maximum neutron yield. A
wider, 1200 ms long gate with a mismatched delay, enabled a portion of the incident beam hitting the
rotating disc seal to be ‘seen’ by the TOF detector. This resulted in a TOF spectrum with reduced fast

a-ray and slow neutron component.

neUiron o
The origin of the slow neutron background (E, < 4.5 MeV) can be determined by comparison of TOF

spectra presented in Figure 40 and 41.

-
o
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Figure 41. The neutron group with the maximum energy at 4.2 MeV results from the 12¢(d,n)"N reaction,
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Figure 39, Gated TOF spectra obtained in the bombardment of the target charged with deuterium
gas at 1 bar at room temperature, with 5 MeV deuteron beam. Gates of two different widths and
delays were applied.
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In Figure 40 the gated TOF spectra were obtained with a 5 MeV deuteron beam incident on a gas target that
was first evacuated and than charged with deuterium gas at 1 bar.

Clearly, there are 5 components in the slow neutron back d corresponding to i neutron

energies of 4.2, 3.1, 2.8 and 1.5 MeV. As ihe residual air was a likely contaminant of the target gas, ihe

TOF spectra for different air / deuterium gas mixtures were obtained in order to observe any change in
spectral shape (Figure 41). It is evident that i ing the air

resulted in d fast
neutron yield and increased background neutron as well as gamma-ray production.

The three neutron groups resulting from the *®O(d,n)'’F reaction (Q = - 1.625 MeV), corresponding to
maximum neutron energies of 3.1, 2.8 and 2.3 MeV are clearly seen in the spectra in Figure 40 and in
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Figure 41. Gated TOF spectra obtained in the bombardment of the target charged with deuterium
gas contaminated with air, with a 5 MeV deuteron beam.

g the beam pulse, when the beam hits the steel construction of the
target box, the rotating disc seal or the Ta end-siop of the target. In order to measure the gamma-ray yield,
the TOF-gated gamma-ray energy spectra were obtained from the bombardment of the evacuated gas cell
with a stationary disc seal, with a 5 MeV deuteron beam. The position of the disc seal was first chosen so
l.hatthegascellenmnceapenumwaswsmmdatdtheenﬁminddmbeamwasgumdinﬂwmel
material of the disc seal. Next, a hole in the disc seal was aligned with the entrance aperture of the gas cell
allowing for the beam to be transported to the Ta end-stop. The resulting gamma-ray spectra are presented

The gamma-rays are generated durin,

in Figure 42.

More than an order of magnitude decrease in gamma-ray yield is evident when the beam is sxoppedv on the
Ta end-stop. Both spectra are dominated by the strong 511 keV line. Characteristic W-m llMS are
marked in keV (numbers in bold type indicate characteristic emission from steel). A fraction of th.e incident
beam struck the steel material of the disc seal and therefore, some gamma-ray lines characteristic to steel
appear in the ‘Ta’ spectrum.

When bombarded with a suitably pulsed 5 McV deutcron beam, the target system consisting of 3 cm long
gas cell charged with deuterium gas at 1 bar at room temperature, produced iast neutrons w:'.h thj
maximum cnergy of 8.2 MeV, with a spread of 180 keV. The measured 0° neutron yield wa.s ~10° nsr
WC. The slower neutron (£, < 4.5 MeV) yield was 0.8 x 10" n s pC” and the gamma-ray yield (450 keV

<E, <8192 keV) was 0.9x 10’ photons st' pC™.
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Figure 42. TOF-gated gamma-ray spectra obtained in the bombardment of the evacuated target
with stationary disc seal, with a 5 MeV deuteron beam. Positions of the disc seal correspond to
the full opening of the gas cell (the beam dumped on Ta end-stop) and to the fully obscured gas

5.

The neutron energy spread can be tailored to a specific application by varying the gas cell length or
adjusting the target gas pressure, while the neutron yield of the target is only limited by the heat dissipation
capability of the end-stop and the beam current of the accelerator. The use of deuteron beams with an
average power of 500 W is possible with a simple water-cooled Ta end-stop.

6.2.3 Conclusions

The feasibility of a relatively compact, high pressure windowless target for mono-energetic neutron
production has been demonstrated. The rotating disc seai concept aiiows for reiiabie operation of the target
with a target gas pressures in excess of 1 bar. This gas target is the best suited for operation with low duty
cycle accelerators such as the RFQ linacs.

The beam handling capabilities of the target are only limited by the heat dissipation at the end-stop of the
target cell. A simple design of the water-cooled tantalum end-stop tolerates in excess of 500 W of the beam
power (100 pA of a S MeV deuteron beam).

The differentially pumped deuterium gas target with a 3 cm gas cell was tested at the target gas pressure of
1 bar with a 5 MeV deuteron beam. It produced 8.2 MeV neutrons with a spread of 200 keV at 0° with the
‘measured output of 10° nsr’ uC”.

The slow neutron background resulting from deuteron break-up and contamination of the target gas, and
the gamma-rays resulting from the interaction of the particle beam with the construction materials of the

target, contributed 6.8 % and 7.7 % to the total reaction yield, respectively.

the production of high fluxes of mono-energetic fast neutrons. The mono-energetic neutron output of this

gas target at 0° can exceed 10" nsr” 5!, when used with accelerators capable of the particle beam currents

of the order of 1 mA, with the mini ination from g: ys and slow neutrons. This should

open ibilities for further develop for a number of applications, to date limited by the neutron

source strength, including elemental fast neutron radiography.

7



7. CONCLUSIONS

This work demonstrates the feasibility of resonant fast neutron di hy for applications in the
environment. An element-sensitive fast neutron probe can be designed to exploit the resonant structure of

the fast neutron excitation function for the element of interest.

Commercially available compact accelerators such as cyclotrons or RFQ linacs, operating at relatively low
energy and are the best suited accelerator-based fast neutron source for industrial applications. The fast

n of the acceler and the selection

tailored by the anpropriate desi:

neutron specirum can be icati by the

of a suitable nuclear reaction. The most of fast neutron applications are limited by the neutron source

output. This limitation is particularly severe when getic neutron sources are required. Therefore,
high current accelerators (> 1 mA) need to be employed in order to achieve the suitably short probing and
analysis times.

The suitable targets need to be developed for use with these accelerators. Such targets are required to be

able to tolerate up to 50 kW of particle beam power and to produce a fast neutron flux of the desired

spectrum with a minimum gamma-ray and slow neutron This is a particularly strict
requirement for the gaseous targets, such as used in popular (D,D) and (D,T) reactions. This thesis proposes
a solution to the problem if a pulsed accelerator is used. However, the recently reported experiments of
Hershcovitch [138, 139] indicate that it may be possible to create a stabilised plasma arc as an interface
between the accelerator vacuum and the high pressure region of the gas target, which can be used with a
continuous beam. Such a plasma porthole may remove all limitations on beam current, energy and energy

focussing that are common for solid window targets.

Future research should concentrate on the techniques of detection of the fast neutrons in the image format.
The very low neutron detection efficiency of the currently available scintillating screens make the
utilization of fast neutron beams, generated at the neutron source, extremely ineffective. Furthermore, the

additional loss of signal takes place in CCD-based imaging detes f the light

o

due to optic

image during its transfer to the CCD array. Clearly, better scintillating screen concept and new imaging
detector design would benefit fast neutron radiography applications.

Neutron detection efficiency of a scintillating screen can be easily increased by increasing its thickness.
This approach however, results in a degradation of spatial resolution and can be applied in radiography to a
limited degree only. In the case of ZnS-based scintillators the maximum effective thickness ( ~ 1 mm) is
already limited by the opacity of the material to its own light.

A several i thick plastic scinti are free of this last limitation and offer good neutron

detection i with imp: spatial ion, when used as a fiber bundle. The spatial resolution
can be further improved if the orientation of fibers is such that it matches the angular divergence of the

neutron beam.
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An alternative approach could use an amay of capillaries filled-up with an organic liquid having high

hydro;,cn to-carbon (11/C) ratio. The used in the ing of micro-channcl plates for

age intensifiers can be investigated, while there are various liquid scintillators having high H/C ratio

(H/C ratio of 2 is available [75]).

The small size of the CCD arrays, typically 10-15 mm square, usually requires the optical minification of
the original image recorded in a scintillator. This results in a significant signal loss, depending on the
degree of minification (Lambertian radiator) and degrades the detectability in an image. In addition, the
CCD structures are prone to radiation damage due to ncutron and gamma-rays which results in gradual
degradation of the image quality.

The large flat panel image sensors, based on the thin film transistor (TFT) amorphous silicon (A-Si)

logy are ially available [140]. These detectors, developed primarily for medical

imaging applications have many potential advantages for applications in fast ncutron radiography. The
typical size of the A-Si plate is 200 x 200 mm, with a pixel size of 127 pm, which allows for close coupling
of the scintillating screen with no optics required and consequently, no signal loss. The detector typically
offers a 12-bit dynamic range, 4 Ip/mm resolution and low electronic noise. In addition, the A-Si detector is

diation-resistant due to the h structure of the image sensing arca. The above mentioned

more

advantages of the A-Si imaging detector merit a careful evaluation of the suitability of this detector in fast

neutron radiography applications.
Finally, novel imaging techniques, such as time-of-flight radiography [141], need to be investigated.
undesirable interference such as

Accclerator-based fast neutron radiography oftei

accompanying gamma-ray ficlds and low energy ncutrons resulting from the complexity of the nuclear

reaction employed for neutron production. Hence, the use of an integrating detector such as CCD may lead

to significant contrast degradation if, as usually is the case, the primary fast neutron beam constitutes only a

fraction of the total beam gencrated. On the other hand, the different components of the beam usually carry

highly complementary information, if it can be resolved in an image.
CCD detector

This can practically be achieved if a nano-sccond puised fast
coupled to a fast gated image intensifier, acting as an opto-electronic shutter. The detector can then be

triggered on the selected part of the TOF spectrum, effectively separa
the effects of scattcred and secondary radiation can

ting gamma-ray, fast neutron and

slow neutron components of an image. Furthermore,
ly minimized. The m getic neutron imaging can in principle be achicved with

also be

white neutron sources, by proper use of the time-structure of the beam.
The promising results of this project as well as clear and reasonably achievable objectives of future
research, may ensure a wider application of’ elemental fast neutron imaging in solving various industrial

problems.
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