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ABSTRACT

DESIGN AND SIMULATIONS OF A BERYLLIUM BASED NEUTRON
PRODUCTION BEAMLINE AT METU DBL

Göver, Egemen

M.S., Department of Physics

Supervisor: Prof. Dr. Melahat Bilge Demirköz

Co-Supervisor: Dr. Doğa Veske

July 2025, 106 pages

There are various sources of neutron irradiation for different neutron beam applica-

tions, each with their own limitations. Limited access to nuclear reactors, the need to

adjust the flux and energy of neutrons, shielding requirements and high costs of labo-

ratory neutron source 252Cf, which has an average neutron kinetic energy of 2.1 MeV

that limits its applicability for high energy neutron applications, have led researches

to study and adapt accelerator based neutron sources. An ideal source should have

an adjustable flux and energy spectrum. One key channel is the 9Be(p; n)9B. By uti-

lizing the METU Defocusing Beam-Line which uses proton cyclotron at TENMAK-

NUKEN Proton Accelerator Facility, a beryllium based neutron irradiation station

is proposed. This study focuses on design and simulations of a solid target system

with optimal parameters such that highest neutron yield with lowest production rate

of residual impurity and lowest activity can be achieved during its operation. Using

Monte Carlo simulation toolkits such as FLUKA, Geant4, SRIM/TRIM and deter-

ministic nuclear reaction modelling code TALYS, anticipated outcome of the pro-

posed experiment has been extensively studied and are reported here. This thesis
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reports that by utilizing a 30 MeV, 150 �A proton beam, a beryllium based target

setup stationed on METU-DBL can supply neutrons with energy spectrum starting

from the epithermal (which can be further decreased to thermal using a moderator),

extending to fast and ultra-fast range with a total integrated neutron flux of up to

3� 1010 n/cm2/s at a point on the outer surface of the target station.

Keywords: beryllium target, neutron source, accelerator based neutron source, Monte

Carlo simulations, neutron irradiation
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ÖZ

METU DBL ÜZERİNDE BERİLYUM TEMELLİ NÖTRON ÜRETİM IŞIN
HATTININ TASARIMI VE SİMÜLASYONLARI

Göver, Egemen

Yüksek Lisans, Fizik Bölümü

Tez Yöneticisi: Prof. Dr. Melahat Bilge Demirköz

Ortak Tez Yöneticisi: Dr. Doğa Veske

Temmuz 2025 , 106 sayfa

Farklı nötron ışınlama alanları için birçok nötron kaynağı çözümü bulunmaktadır fa-

kat bu çözümlerin her biri belirli sınırlamaları beraberinde getirir. Nükleer reaktöre

ulaşımın sınırlı olduğu, değiştirilebilir nötron akısı ve enerjisi gerekliliği, 2.1 MeV

ortalama nötron enerjisine sahip olan ve yüksek enerjili nötron uygulamaları için uy-

gun olmayan 252Cf laboratuvar kaynağının yüksek maliyeti ve zırhlama gereklilikleri

araştırmacıları, hızlandırıcı temelli nötron kaynaklarını araştırıp kullanmaya teşvik

etmiştir. İdeal bir nötron kaynağı ayarlanabilir akı ve enerji spektrumuna sahip ol-

malıdır. Bu temel kanallardan 9Be(p; n)9B öne çıkmaktadır. TENMAK-NÜKEN’de

bulunan Proton Hızlandırcı Tesisinde yer alan hızlandırıcıyı kullanan ODTÜ Saçıl-

malı Demet Hattı kullanılarak berilyum temelli bir nötron ışınlama istasyonu öneril-

mektedir. Bu çalışma, böyle bir katı hedef sisteminin operasyonel haldeyken, optimal

parametreler kullanularak en yüksek nötron veriminin elde edilmesine, safsızlık ve

ortamda radyoaktiviteye yol açan kalıntı çekirdeklerin en düşük miktarda üretimine

odaklanmaktadır. Monte Carlo temelli FLUKA, Geant4, SRIM/TRIM ve determinis-

vii



tik nükleer reaksiyon modelleme kodları TALYS gibi simülasyon kodları kullanılarak

önerilen deneyin beklenen çıktıları kapsamlı bir şekilde çalışılmış ve bildirilmiştir. Bu

tez, 30 MeV enerjiye sahip 150 �A proton akımı kullanarak METU-DBL’e kurula-

cak bir berilyum hedef istasyonunun ürettiği nötronların epitermal enerjilerden, hızlı

ve ultra-hızlı enerji seviyelerine uzandığını, ve nötron akısının ışınlama istasyonunun

yüzeyinde bir noktada 3 � 1010 n/cm2/s seviyesine varabileceğini bildirmektedir. Bu

tez aynı zamanda nötronların polietilen moderatörden geçirilerek termal enerji sevi-

yelerine indirgenebileceğini öngörmektedir.

Anahtar Kelimeler: berilyum hedef, nötron kaynağı, hızlandırıcı temelli nötron kay-

nağı, Monte Carlo simülasyonları, nötron ışınlama
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CHAPTER 1

PREFACE

1.1 Research Questions and Approach

This study arose from the necessity of a versatile neutron source that is capable of

providing neutrons of various, adjustable energies and �uxes in Türkiye. As such,

some modi�cations to METU-DBL were proposed such that a neutron beam with ad-

justable �ux and energy can be achieved. Irradiation of some elements with protons

can induce neutron emission. One such element that can be leveraged to produce

neutrons when bombarded with protons is beryllium. Due to its high neutron produc-

tion cross-section in the proton energy interval of 1.85-30 MeV, compared to other

cyclotron based nuclear neutron production channels relatively high neutron yields

with minimal residual nuclei production may be achieved. By simulating the pro-

posed setup with the existing facilities and foundations, optimal experimental condi-

tions were studied to assess the feasibility of a solid, beryllium based target system

to achieve a consistent and con�gurable neutron beam. Overall, this thesis has been

written to serve as a guidance for beryllium irradiation for neutronic applications.

1.2 Structure of the Thesis

In Chapter 2, the required knowledge of general nuclear physics, introduction to neu-

trons, various ways of producing neutrons, working principles of Monte-Carlo simu-

lation toolkits, and the comprehensive core concepts for proton irradiation of a beryl-

lium target have been given. In Chapter 3, previous usages of beryllium for neutron

production in nuclear physics have been presented, as well as the fundamentals of
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Monte Carlo approaches and the experimental background. In Chapter 4, the existing

setup of METU-DBL and the intended target station, as well as the proposed geom-

etry, its code in simulation toolkits, physics and how the setup may proceed have

been discussed. In Chapter 5, results of the simulation of the intended experiment

are given. These results include the achievable neutron �ux and its energy spectrum

(given in both lethargy and linear plots), effects of target orientation and thickness

on overall neutron yield, residual nuclei activity and their corresponding production

cross-sections, dose rate inside the irradiation chamber and shielding calculations, an-

gular distribution of neutrons and Gaussian neutron beam pro�le. A comprehensive

investigation went into �nding the optimal settings for ideal outcomes and a feasible

design that can be realized in the laboratory has been proposed with this thesis.
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CHAPTER 2

INTRODUCTION

The discovery of neutron by Sir James Chadwick in 1932 catalyzed a signi�cant and

rapid advancement in nuclear physics. From medicine to military, energy to material

science, archaeology to particle physics, it opened many windows of opportunities

for applications in different �elds. This progress paced at such a remarkable speed

that it took as little as twelve years from the discovery of neutrons to the detonation

of the �rst atomic bomb.

As the periodic table expanded in the 20th century and various isotopes of differ-

ent elements were discovered, physicists realized that neutrons could prove useful in

many areas. They were so tightly bound with in the nucleus, in fact, the stability of

nucleus of heavy elements (atomic number greater than 20) turned out to be the direct

result of neutron presence in the core. Soon after the discovery of nuclear �ssion in

December 1938, by German chemist Otto Hahn and his colleague Fritz Straßmann in

Kaiser Wilhelm Institute for Chemistry, the importance and both the destructive and

constructive potential of neutrons were well understood [32]. Extensive research in

nuclear weapons and nuclear reactors accelerated the studies conducted on neutrons,

and hence our knowledge of neutrons and their �elds of use skyrocketed.

2.1 Discovery of Neutrons and the Role of Beryllium

In the 1930s, physicists were already experimenting with known radioactive sources.

The alpha-emitting property of polonium was known, and physicist Walther Bothe

and Herbert Becker in Physics Institute of the University of Giessen in Germany were

using210Po as a mono-energetic alpha-emitting source having 5.3 MeV to irradiate
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target samples with different elemental compositions, speci�cally beryllium, boron,

and lithium. During the irradiation of a beryllium sample with alpha particles, highly

penetrating, non-ionizing radiation was detected. It was initially thought to be gamma

radiation, but it was still dif�cult to explain the extent of penetration as it was higher

than gamma photons [13]. In 1932, Irène Joliot-Curie and Frédéric Joliot further

investigated this radiation. They irradiated hydrogen-rich substances such as paraf�n

wax with this mysterious particle. Irradiation resulted in detection of highly energetic

protons, which had energies around 5 MeV [41]. Calculations showed that this type of

scattering event would require the incident gamma photons to possess energies above

50 MeV, which was deemed to be dif�cult to achieve. Upon examining the results,

James Chadwick (depicted in Figure 2.1) and Ernest Rutherford decided to show the

untenable nature of the gamma ray hypothesis. Following the experiment, which was

repeated using the identical reaction that Walther Bothe and Herbert Becker used:

9Be + 4He (� ) ! 12C + n

Chadwick subsequently channeled the unknown radiation onto the paraf�n wax, as

had been done before by Irène and Frédéric Curie. He then carefully measured the

travelling distance of the ejected protons. By analyzing the recoil, Chadwick con-

cluded that the unknown particle must have a mass similar to the proton. This particle

was later named neutron, and J. Chadwick was awarded a Nobel Prize in physics in

1935 for his discovery.

In the mid 1950s, reactions resulting in liberation, creation, absorption, and mod-

eration of neutrons were being discovered expeditiously due to high investments in

neutron experiments and studies conducted on developing nuclear reactors. As such,

most of our knowledge of neutron induced daughter products (such as �ssion prod-

ucts), decay energies, half lives, mean lives, excited state lives etc. come from this

era.

To better understand the necessity of the work being handled in this thesis, we must

�rst reason up from the very basic properties of neutrons as the �rst principles method

dictates and then climb up the ladder.
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Figure 2.1: A photograph of Sir James Chadwick circa 1935.[24]

2.2 General Properties of Neutron

The ordinary matter we see, smell and feel are composed of subatomic particles which

fall under the category ofhadronsandleptons. In particle physics, a particle is con-

sidered a hadron, if it is composed of two or morequarkssticking to each other by

the gluons, the force carrier of strong nuclear force. Quarks are the literal building

blocks of matter. As of 2024, a quark is the most elementary component of hadrons.

There are some theories that propose even smaller constituents that make up quarks,

but so far they have not yet been experimentally veri�ed [22]. Protons and neutrons

are combination of up and down quarks. Proton is composed of two up, one down,

neutron is composed of two down, one up quark. This makes them both a hadron

and a baryon (composing of three quarks) [33]. A proton and a neutron are almost

identical except for a small difference in mass. As a matter of fact, the liquid-drop

model which was developed to describe the nucleus of the atom treats both proton

and neutron the in the same way, under, where both the particles have the same spin

of 1/2 [28].

In Figure 2.2 we see the individual quarks making up all the matter. Although this

thesis does not study quantum chromodynamics and nuclear forces, understanding

quarks carries an uttermost importance due to the fact that the decay of liberated
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Figure 2.2: Simpli�ed diagram of both proton and neutron internal structure. The

quarks, which are shown in red green and blue, can be seen.[69]

(unbounded from nucleus) neutrons is a direct result of neutron beta decay. This

decay, will, in turn, contribute to experimental background as the decay products will

also generate gammas.

In nuclear physics, the neutrons are classi�ed according to the Table 2.1.

Table 2.1: Neutron categories according to its kinetic energy. [4]

Category Energy Range

Cold Energies below 0.01 eV*

Thermal 0.01 eV to 0.3 eV*

Epithermal 0.3 eV to 10 keV*

Fast 10 keV to 20 MeV

Relativistic > 20 MeV

* Slow neutrons

2.2.1 Nuclear Cross-Section

In nuclear physics the outcome of nuclear reactions due to collisions are not prede-

termined, but has many branches depending on initial parameters. The probabilistic

occurrence of reactions had to be quanti�ed to deduce the likelihood of a certain

nuclear reaction. In order to parametrize this stochastic process, a novel type of def-

inition was devised. This measure has units of barns (1 barn =10� 28 m2). It can
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easily be seen that it has units of area. This area is the area around the nucleus,

within which the incident particles will have an interaction with the nucleus. The

larger the target gets, the higher the chance of an incoming particle to hit the target

and induce a nuclear reaction. However, the size of the target is not the only param-

eter of a cross-section. Different type of interaction between bodies yield different

cross-section values. Hence, one should know the corresponding nuclear reaction

mechanisms beforehand to accurately evaluate cross-section.

The vast majority of an atom is actually empty space, therefore when incident parti-

cles are bombarded onto a target material, most of them do not hard scatter. Depend-

ing on the type of the incident particle, the cross-section takes different values. That

is because different particles through different force carriers. To estimate the extent

of how many particles will interact and induce a reaction and how many will not,

the nuclear cross-section value is used. Depending on the desired context, cross-

Figure 2.3: An example diagram showing the interaction between an alpha particle

(green) and a nucleus (red). This is the geometry of Rutherford's scattering formula,

where� represents the scattering angle of the alpha particle with respect to the clos-

est approach point (A) and� represents the deviation of the alpha particle from the

original path after scattering due to Coulomb force exerted by the target nucleus.[47]

sections may take different notations. Every notation stands for distinct information.

The techniques and their possible applications are given in Table 2.2.

By the nature of interactions, cross-sections can be broken down into various cate-

gories, such as:
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Table 2.2: Different types of reaction cross-sections and their notations. [45]

Cross-Section Symbol Technique Units

Total � t Attenuation of beam Shielding

Reaction � Integration over all

angles and energies of

b(all excited states of

Y)

Production of

radioisotopeY in a

nuclear reaction

Differential (Angular)
d�
d


Observebat (�; ' )

while integrating over

all energies

Formation of beam of

b particles in a certain

direction

Differential (Energy)
d�
dE

Don't observeb, but

detect excitation ofY

by subsequent


 -emission integrated

over solid angle.

Study of decay of

excited states ofY

Double Differential
d2�

dEb d

Observebat (�; ' ) at a

speci�c energy

Information on excited

states ofY via the

angular distribution of

b

� Scattering Cross-sections: Involves elastic (where no energy loss is present

and hence no internal excitation) and inelastic (where there exists some energy

transfer and hence there may exist some internal excitation) scattering. In Fig-

ure 2.3, a diagram depicting Rutherford scattering is given as an example. The

number of particles scattered into angle� can be given as:

N (� ) =
N i nLZ 2k2e4

4r 2KE 2 sin4(�=2)
(2.1)

where N is the number of particles, L is the target thickness, Z is the atomic

number of the target, n is the atoms per unit volume in target, e is the electron

charge, k is the Coulombs's constant, r is the target to detector distance, KE is

the kinetic energy of the projectile, and� is the scattering angle.

8



� Absorption Cross-Section: Represents the probability of target nucleus ab-

sorbing the projectile particle. This includes all types of absorbing reactions;

including radiative capture, �ssion, charged particle emission.

� Fission Cross-Section: Represents the probability of occurrence of �ssion after

absorption. Fission can only be induced after absorption, with the exception of
252Cf, which undergoes spontaneous �ssion due to internal quantum tunneling

through the �ssion barrier [51].

� Capture Cross-Section: Similar to absorption, but capture cross-section refers

to neutron capture, while absorption refers to just any reaction involving the

formation of a compound nucleus.

2.2.2 Neutron Decay

When a neutron is not bound to any nucleus, it quickly transforms into a proton,

electron, and an electron antineutrino [74]. Inspecting the data sheet obtained from

Particle Data Group (PDG)[75], we see that the neutron has a mean lifetime of 14

minutes and 38 seconds. To model and estimate the number of neutrons in the pro-

posed METU-NIDA (Middle East Technical University Neutron Irradiation and Dis-

tribution Area), all the neutron production channels need to be accounted for. Hence,

the short amount of neutron mean life indicates the decay byproducts will also be a

signi�cant contributor in correct data acquisition.

n ! p+ + e� + �� e (2.2)

This reaction is de�ned as a pure, left-handed chiral V-A interaction [29]. In an-

other decay channel, we may also observe an extra gamma ray. This gamma is not

directly coming from the excited (or isomeric) nucleus itself but rather from the in-

ternalbremsstrahlungradiation caused by electromagnetic interaction of emitted beta

particle and proton [25].

n ! p+ + e� + �� e + 
 (2.3)

The probability of this channel is given as one in a thousand. So we may expect to

see one gamma for every thousand neutrons. For a neutron �uence at the order of
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109=cm2, this would imply nearly a million gamma particles will contribute to our

background.

2.3 Neutron Applications

It is clear that any aspect of engineering that is built on neutrons or research that either

directly or indirectly requires neutrons will �nd itself looking for a viable and reliable

neutron �ux. Some areas where a neutron beam can be utilized can be given by:

� Radio-pharmacy: In nuclear medicine, some speci�c radio-nuclides serve

their purpose as either diagnostic, therapeutic or both, namely called thera-

nostic agent for cancer treatment. There are some isotopes that can only be

produced when a neutron is used to bombard a target to induce a reaction.

Each isotope targets a particular organ of the human body depending on which

molecules they bind to and how that speci�c chemical structure is recognized

and engaged with. For instance, Iodine-131 targets the thyroid gland because

that is where the natural absorption of iodine takes place in our body. Our cells

are unable to tell apart the difference between isotopes of the same element,

so this property is leveraged to achieve the administration of radiopharmaceu-

ticals. Some of these isotopes can be produced from neutron irradiation of a

particular target material are: [38] [56]

1. Molybdenum-99 (Technesium-99m99mTc): Most widely used diagnostic

agent. Its emission of gamma rays (140 keV) is utilized.

2. Iodine-131 (131I): Used as a therapeutic radiopharmaceutical. Beta radia-

tion from it is used to kill the cancerous tissue that is harmful.

3. Lutetium-177 (177Lu): Used as a theranostic agent, that is, it is both ther-

apeutic due to beta emission, and diagnostic due to gamma emission that

is suitable for SPECT (Single Photon Emission Computed Tomography).

4. Yttrium-90 (90Y): A therapeutic beta-emitter that is widely used in

SIRT(Selective Internal Radiation Therapy)[43].

5. Samarium-153 (153Sm): A therapeutic beta-emitter that is mostly used for

pain palliation in bone metastases.
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6. Chromium-51 (51Cr): A diagnostic agent primarily used for labeling red

blood cells.

7. Iridium-192 (192Ir): A therapeutic agent used in brachytherapy.

8. Xenon-133 (133Xe): A diagnostic agent in gas form, mostly used for lung

imaging and pulmonary function.

9. Gold-198 (198Au): A therapeutic beta-emitter used for localized radiation

therapy. Similar to Iridium-192, it is used in brachytherapy.

10. Phosphorus-32 (32P): A therapeutic beta-emitter used in intracaviatary

applications.

11. Rhenium-186 and Rhenium-188 (186Re & 188Re): Both are therapeutic

beta-emitting agents. Their application is analogous to technetium.

� Structural Analysis: [73, Halban and Preiswerk (1936)] demonstrated that

neutrons exhibit wave phenomena and can be diffracted by or scattered from

matter. Methodologies such as neutron diffraction (ND) which is shown in

Figure 2.5, small angle neutron scattering (SANS), neutron radiography, mag-

netic structure determination[63] and in-situ and operando measurements[6]

are all achievable with a neutron source. Unlike X-Rays, which struggle to

pass through dense materials, neutrons easily penetrate metals and highlight

lower density materials. A particle demonstration on aerospace valves given

in Figure 2.4 shows the signi�cant difference of neutrons in comparison to X-

Rays. In modern aerospace technologies, critical systems such as cryogenics

and control units are expected to work �awlessly without malfunction caused

by tiny defects. By using NDT (non-destructive testing) utilizing neutrons, ma-

terial degradation and cracks can easily be detected during the tests. As a result,

given suf�cient beam �ux, it is possible to have an in-depth construction of a

material's spacial structure similar to XRF and XRD.

� Nuclear Industry : Reactor material tests: Structural integrity tests against neu-

tron radiation, calculation of radiation resistance, analyzing the byproducts of

neutron induced reactions, determining the thickness for shielding against neu-

trons can all be achieved by a stable neutron �ux.
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Figure 2.4: Gadolinium(due to its high reaction cross-section with neutrons)-tagged

turbine blade under X-Ray and Neutron radiography. Utilizing neutrons, ceramic core

can be highlighted, which is completely undetectable with X-Rays.Source: Phoenix

LLC

� Aviation Applications: In some occasions, electronic components that will be

subject to cosmic radiation may experience single event upsets (SEU). SEUs

happen when a particle, such as a neutron, interacts with a microchip and �ips

a logic state. Due to high intensity of cosmic rays in the upper atmosphere,

the induced secondary neutrons (increases 10-fold at� 3 km based on stud-

ies [31, 30] and the simulation toolkit CARI-7, which plots the �ux of cosmic

ray induced particles in the atmosphere in Figure 2.7.) compared to ground

level neutron count. neutrons may contribute signi�cantly to SEUs. Highly

energetic neutrons (typically > 1 MeV) may undergo inelastic scattering or ab-

sorption due to the presence of a neutron absorbing element inside the semi-

conductor devices [9]. Inelastic scattering events that result in the recoil of

silicon, and nuclear reactions induced by absorption of neutrons, result in the

creation of charged secondaries, ionizing their environment. This ionization is

simply depicted in Figure 2.6, and it leads to creation of electron-hole pairs.

Furthermore, the materials employed in spacecraft construction possess a com-

plex and a heterogeneous elemental makeup, where this diversity is crucial to

accommodate distinct functional requirements. In order to design better endur-

ing electronic boards and eliminate the error causing events that have potential

to jeopardize a mission, crucial avionics are irradiated with neutrons. Having
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Figure 2.5: Example diagram depicting the diffraction of neutrons. Typically cold

and thermal neutrons are used. By analyzing the neutron diffraction angle and vector

Q, it is possible to determine the intrinsic magnetic moment.[77]

such, prior to the actual manufacturing of such craft, extensive study on neutron

induced reactions is indispensable in order to prevent (or diminish the effects

of) neutron related damage. Neutron irradiation tests are mandatory to ensure

a smooth component operation. The neutron beam that can be achieved with

the proposed setup in this thesis, is suitable for neutron radiation test standards

ESCC-25100, ESCC-22500, MIL-STD-883 Test Method 1017.3, MILD-STD-

750.

Figure 2.6: Simpli�ed diagram of ionization caused by high energy neutrons inside a

semiconductor. [18]
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Figure 2.7: Calculated �ux of various induced particles resulting from the cosmic

rays with respect to altitude in atmosphere. The location was assumed to be Ankara,

Kecioren. Obtained with CARI-7.

2.4 Neutron Production Methods

There are numerous methods for creating neutrons. Apart from �ssion reactors, the

most commonly used neutron source solution are the radioisotope based channels.

Alpha emitting radioisotopes are used to trigger neutron emitting reactions(�; n )

[71]. This channel can generally be formulated as:

ZXA + 2He4 ! Z+2 YA+3 + 0n1 + Q (2.4)

One such popular isotopic channel that �ts this equation is the usage of241Am (or
238Pu, 210Po, 226Ra) as the alpha emitter, and beryllium as the target. Various other

sources are given in Table 2.3. It is seen that among other sources, americium-

beryllium duo has the highest neutron yield.

Similar to alpha induced reactions, photoneutron(
; n ) sources may also be deployed.

When the photon energy is greater than the Q-value of the reaction, neutron produc-

tion may be induced. For instance, for a beryllium target, the photon energy needs to

exceed 1.67 MeV to trigger neutron emission. The energy of the resulting neutrons at
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� 0 (hence the plus sign, for� 180it is minus) can generally be formulated as:

En =
A � 1

A
(h� � j Qj) �

r
2(A � 1)(h� � j Qj)

931A3 (2.5)

Where A is the atomic number,h is the Planck constant andv is the frequency of the

photon.

As for a spontaneous neutron source,252Cf is most commonly used to obtain neutrons.

This neutron emitting isotope decays by� emission with probability of 96.91% and

spontaneous �ssion with 3.09% probability, with average kinetic energy of 2.1 MeV.

It's neutron spectrum is almost identical to a reactor, and can have a maximum energy

of 15 MeV which follows Watt function. Its resulting speci�c neutron yield is given as

2:314� 106 s� 1 � g� 1 with speci�c activity 19:832MBq � g� 1 [52]. The high cost of
252Cf (or any other radioisotope based solution in general) may not make it viable for

choice as a source (over $27 million per gram [27]), not to mention the complicated

transportation procedures and safety measures. In contrast to spontaneous �ssioning
252Cf or alpha-emitting radioisotope based sources.

Table 2.3: Neutron yield from radioactive� source irradiation of various targets. [61].

� -emitter Target Reaction and Q-value
Neutron yield

per �

241Am 11B 10B(�; n ), +1:07 MeV 1:3 � 10� 5

241Am 18F 19F(�; n ), � 1:93 MeV 4:1 � 10� 6

241Am 9Be 9Be(�; n ), +5:71 MeV 7:0 � 10� 5

238Pu 13C 13C(�; n ), +2:2 MeV 1:1 � 10� 5

210Po 7Li 7Li( �; n ), � 2:79 MeV 1:0 � 10� 6

2.5 Cyclotron Based Neutron Source Solutions

Cyclotrons have the advantage of supplying neutrons on demand. With the correct

setup, a cyclotron based neutron source is a safer, more affordable and more modi�-
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able alternative to stationary, radioisotope sources. This aspect signi�cantly improves

and simpli�es safety, as well as the storage and maintenance of the source. Another

advantage is that the accelerator can provide neutrons in bunches (or pulses). Similar

to a nuclear reactor, neutron pulsing can allow neutron die-away analysis which is a

form of non-destructive assay technique to detect the presence of �ssile material in-

side a sample [17]. The method works by channeling wide pulses of neutrons into the

sample. Due to attenuation (absorption and leakage), fast neutrons slowly disappear

within a few microseconds. This time is labeled as die-away time of neutrons. If there

is presence of �ssile material, �ssion can be induced and hence new neutrons may be

introduced into the system, causing a slight delay in the die-away time extending it

to hundreds of microseconds even milliseconds [79]. In Figure 2.8, a demonstration

with uranium samples with different masses is given. Although pulsed neutron analy-

sis is not in the scope of this thesis, modifying the cyclotron to supply pulsed protons

could also result in pulsed neutrons.

Figure 2.8: Example neutron counts resulting from different masses of uranium sam-

ples, with respect to time in die-away analysis. Higher target compositions lead to

longer die-away time. [79]
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2.6 Neutron Producing Nuclear Channels

In Table 2.4, some previously explored accelerator based reactions are given. The

choice of target is based on both accelerator capabilities and available target irradia-

tion chambers (in which, the target state can take one of three forms: solid, liquid or

gas).

Table 2.4: Example hydrogen accelerator based neutron–producing reactions. Their

threshold energy,Q values and minimum product energies are given.[17]

Shorthand
Q Value

[MeV]

Threshold

Energy [MeV]
Minimum Product

Energies [MeV]

2H(d; n)3He +3:269 Exothermic 3He: 0.82; n: 2.45

3H(d; n)4He +17:589 Exothermic 4He: 3.54; n: 14.05

7Li( p; n)7Be � 1:644 1.880 7Be: 0.21; n: 0.03

7Li( d; n)8Be +15:031 Exothermic 8Be: 1.68; n: 13.35

9Be(p; n)9B � 1:850 2.057 9B: 0.18; n: 0.023

9Be(d; n)10B +4 :361 Exothermic 10B: 0.40; n: 3.96

To leverage a solid target irradiation station, the choice of target may either be lithium

or beryllium. As can be seen in Figure 2.9,7Li( p; n)7Be channel has higher neutron

production yield (that is, more neutrons are created per proton) compared to beryl-

lium. Beryllium also has the lowest neutron binding energy [10] which makes it

suitable for neutron production. Examining Table 2.5, due to low melting point of

lithium and excellent thermal conductivity of beryllium, proceeding with the latter

is ultimately more feasible. Moreover, beryllium has lower gamma-to-neutron ratio,

and hence produces less unwanted gammas [40]. But although beryllium is easier to

cool with a liquid water cooling system, it is a highly toxic metal that should be han-

dled with care, as incautious exposure to its dust or fumes can lead to serious health
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issues.

Figure 2.9: Comparison of neutron yields of (Li, Be, T, D) target materials that are

irradiated with either D or1H. Irradiating lithium with protons in the energy interval

1.9 and 6 MeV produces a higher yield of neutrons than beryllium.[34]
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Table 2.5: Comparison of lithium and beryllium for neutron production.

Property Lithium Beryllium

Neutron Production Reaction
7Li( p; n)7Be

[E thr = 1:9 MeV]

9Be(p; n)9B

[E thr = 2:1 MeV]

Melting Point (°C) 181 1287

Thermal Conductivity (W/(m·K)) 71 210

Radioactive Decay Products
7Be

[E thr = 2:1 MeV]

7Be

[E thr = 13:4 MeV]

Figure 2.10: Beryllium and lithium neutron production cross-section using protons

comparison. Obtained with TALYS.
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CHAPTER 3

BERYLLIUM IN NUCLEAR PHYSICS FOR NEUTRON PRODUCTION:

MONTE CARLO APPROACHES AND EXPERIMENTAL BACKGROUND

Beryllium has been previously implemented in various institutes for the purpose of

neutron production, which will be explained in Section 3.1. These works prove that

beryllium can be successfully implemented in various �elds requiring a neutron beam.

To model the probable outcome of the proposed setup that is capable of producing

neutrons from a beryllium target, Monte Carlo approaches have been used. As such,

introduction to Monte Carlo method, as well as the experimental background will be

given now.

3.1 The Beryllium Channel and The Previous Beryllium Studies for Neutron

Production

Since 1970s, proton/deuterium-beryllium reactions have been studied extensively.

This reaction channel has been tested and implemented in various research institutes

and radiopharmaceutical centers. For example, BNCT is a type of radiation ther-

apy that utilizes the high neutron absorption cross-section of boron that is injected to

patient with cancer. If the boron captures a neutron, it emits an alpha particle that

destroys the surrounding cancer infected tissue. For the purpose of Boron Neutron

Capture Therapy (BNCT), Kyoto University Research Reactor Institute (KURRI) and

Sumitomo Heavy Industries, Ltd. (SHI) collaborated to develop a cyclotron based

neutron source using beryllium. It is currently installed at KURRI Osaka preface,

and is capable of reaching thermal neutron �ux of1:7 � 109=cm2=susing 1 mA pro-

ton beam with kinetic energy 30 MeV [55]. The neutron beam's characteristics align
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perfectly with the IAEA's (International Atomic Energy Agency) established require-

ments for BNCT, which are given in Table 3.1. Their work successfully proves that

beryllium target stations can be implemented in medical �elds.

Table 3.1: Mandatory values for epithermal neutron beam required for BNCT, based

on IAEA TECDOC (Technical Documents) [21]

Particle Intensity Required value

Epithermal neutron

� 109 epi-neutron/cm2/s

(0.5 eV – 10 keV) > 1:0

Fast neutron (> 10keV)

� 10� 13 Gy cm2/epi-neutron < 2:0

Gamma ray

� 10� 13 Gy cm2/epi-neutron < 2:0

Another exemplar use has been demonstrated by NPI Rez Fast Neutron Facility,

where thick Be,D2O and Li(C) target stations are utilized to construct high energy

neutron �eld [67]. High energy neutron �eld production can further be ampli�ed by

using deuterium as the projectile particle. In Table 3.2 comparison of neutron �elds

generated from both deuterium and proton is given. It is seen that using deuterons

rather than protons as the projectile is more advantageous. But Proton Accelerator

Facility can currently only accelerate protons. Average neutron energy was calcu-

lated according to relation�En = (0 :47� Ep) � 2:2 [19]. Compared to protons, using

deuterium results in higher neutron current for higher energy intervals, but for the

purpose of this thesis proton induced reactions will be of interest, as it is the pre-

ferred source of TENMAK NUKEN and METU DBL. TENMAK NUKEN's proton

cyclotron accelerates protons in the energy interval [15,30] MeV. The studies in this

thesis will focus on this interval. Any other energy outside this interval would require

considerable cyclotron modi�cations. Most studies of neutron �elds have been con-

ducted with proton energies below 5 MeV. Above 2.1 MeV (the threshold for (p, n)
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reaction), RFQ (radio-frequency quadrupole) may also be deployed to irradiate the

beryllium target with high proton current (in the orders of mA). Many of these stud-

ies anticipate increase in neutron �ux with increasing proton energy. For instance in

Figure 3.1, the increase in neutron yield with respect to the increase in proton energy

can be seen. In Figure 3.2, higher neutron mean energies due to proton energies can

also be observed.

Figure 3.1: Low energy9Be(p; n0) reaction neutron spectrum and yield for ground

state Be, with various proton energies between 3.0 and 5.0 MeV. [36]

For a 30 MeV proton beam, the obtainable neutron energy spectrum is given in Fig-

ures 3.3 and 3.4.

The resulting neutron �eld spans a large energy interval. Energy levels down to1 �

10� 4 MeV are anticipated. This lower energy section of spectrum is caused by the
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Figure 3.2: Neutron yield with respect to different proton energies and respective

mean neutron energies. In the upper panel, neutron yield with respect to different low

energy proton levels from 3.0 to 5.0 MeV is given. In the lower panel, mean neutron

energy and its �rst moment of its energy distribution is given. [36]
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multi-body breakup processes [68]:

9Be(p; pn) 8Be;

9Be(p; p� ) 5He;

9Be(p; �n ) 5Li ;

9Be(p; p�n ) 4He:

which all posses negative Q values.

Quasi-isotropic neutron distribution can be seen in Figure 3.4. It is observed that the

neutrons are produced in 4� direction and span the entire azimuthal angle� , hence

novel collimators are required to construct and channel a proper neutron beam. In

Figure 3.2, the mean distribution of neutron energy and yields with respect to different

proton energies are given. It is observed that there is a considerable increase in yield

as the proton energy increases. The yield will later be studied over a wide range of

proton energies extensively in Chapter 5.

Figure 3.3: Spectral �ux and mean energy of neutrons resulting from p(30)+Be at dif-

ferent detector locations P0 and P14. Data from MCNPX and SAND-II calculations

are compared.[68]
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