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Abstract

In recent years, the introduction of accelerator-based Boron Neutron Capture Ther-
apy (BNCT) facilities has led to a significant increase in interest from the medical
and scientific communities. Monitoring and characterization of neutron beams and
intercomparison of different facilities are becoming mandatory [1]. This stimulates
the development of dedicated dosimetry and spectrometry techniques.
This work aims to present a novel compact spectrometer with an isotropic response
called Neutron Capture Therapy-Activation Compact Spectrometer (NCT-ACS). The
spectrometer is highly sensitive, covering the energy interval from thermal up to
100 keV, and designed for a single irradiation exposure. The detector geometry is
composed of a spherical moderator shell containing different material foils exhibiting
neutron radiative capture resonances covering the wide energy domain for BNCT.
The manuscript will first focus on the extensive simulation work done to optimize, in
terms of response and efficiency, the detector geometry and its material composition.
Irradiation and activation measurements on a first prototype have been performed at
the electron LINAC facility installed at the University of Turin, where a well-known
epithermal neutron field is available. The materials activation was measured using a
HPGe gamma detector opportunely calibrated for accounting all the effects due to
the spectrometer geometry. A careful analysis of the activation gamma spectra has
been performed to correctly estimate the statistic and systematic uncertainties.
The Turin epithermal neutron spectrum was then extracted using the unfolding code
FRUIT [2] and compared with the standard measurement performed with the Bonner
Sphere Spectrometer technique. The agreement between the two measurements is
within few %. This provides a proof of concept of our novel neutron spectrometer
NCT-ACS.
Finally, a particular effort has been focused in transferring the entire procedure
implementing the use of a LaBr(Ce) detector, slightly less performant, but signifi-
cantly smaller than the HPGe detector. This guarantees the portability of the entire
measurement system, making it suitable for in-situ measurements.
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1
Neutron Physics

The aim of this �rst chapter is to provide some theoretical notions regarding neutron

production, detection and application. While not aiming to be exhaustive, it is

intended to deal with the main aspects on neutron physics and to introduce the

topics useful for the upcoming chapters.

1.1 Neutron classi�cation

Neutrons interact with matter differently from charged particles such as protons or

� , but also differently from 
 rays. The reason is that they do not interact through

electromagnetic force, but only through strong and weak forces. The cross sections

for atomic processes are immensely larger respect to the nuclear processes, therefore

neutrons can easily penetrate matter without losing a signi�cant amount of energy.

The neutrons kinetic energy is strongly determined by the production mechanism.

Once generated, a neutron can not be accelerated using electric �eld because of its

neutral charge. It can be slowed down via elastic or inelastic collisions with atoms of

disparate elements or materials. Such a process is calledneutron moderation(section

1.5). It should be noted that the same material or element moderates differently

neutrons with low or high kinetic energy. Moreover, if the moderator is cooled, it

can further lower the kinetic energy compared to a non-cooled moderator.

Neutron beams can be produced from a large variety of nuclear reactions and

characterized by energy distributions that can vary over ten orders of magnitude.

Since the interactions of neutron in matter depends on its energy, a dedicated

nomenclature for different energy has been de�ned (table 1.1).
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Nomenclature Energy Range � (Å) Application

Immaging,
COLD < 0.012 eV > 2.61 Scattering,

Magnetic Field Analysis

BNCT, Diffraction,
THERMAL 0.012eV - 0.4 eV 0.45 - 2.61 Imaging, Scattering,

NAA, Nuclear Reactor

Imaging,
EPITHERMAL 0.4eV - 0.1 MeV 0.09 - 0.45 Scattering,

BNCT, NAA

Scattering,
FAST > 0.1 MeV < 0.09 Fast Reactor,

Neutron Probe

Tab. 1.1.: Neutron energy subdivision and main applications. NAA is the Neutron Activation
Analysis andBNCT is the Boron Neutron Capture Therapy.

It should be interesting to note that the upper limit for the thermal range is arbitrary

�xed. In this work a value of 0.4 eV has been chosen to separate thermal from

epithermal neutrons. This value represents the so-called "cadmium cut-off" [3]. In

this work the thermal and epithermal ranges were mainly considered.

In particular, the neutron energy domain interested by this work is from thermal up

to 100 keV.

Fig. 1.1.: Subdivision of the neutron energy spectrum. At the top is shown the classi�cation
in wavelength, at the bottom in energy.

As can be seen from table 1.1, applications are often spread over multiple energy

ranges. Depending on the energy interval used, different information can be ex-

tracted from the same application.

For instance, considering the neutron imaging application, the use of cold neutrons

allows to study the object on a scale larger than 2.61Å (molecular distances). While

using the epithermal component allows studying the sample on a (0.09 - 0.045) Å

scale (atomic distances).

For example, BNCT involves a rather wide range of energies. Depending on the type

of cancer and its location, it is important to select an appropriate energy component

to maximize the therapy effectiveness.
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1.1.1 Neutron sources

The existing neutrons sources are classi�ed by the physical process that determine

the kinetic energy of neutrons. Some examples of typical spectra of the mainly used

sources are shown in �g. 1.2-1.5:

Fig. 1.2.: Neutron 252Cf �ssion energy
spectrum [4]

Fig. 1.3.: Am-Be (� ,n) conversion en-
ergy spectrum [5].

Fig. 1.4.: Photo-production using two
different 5 cm thick targets [6].

Fig. 1.5.: Neutron energy spectrum for
some fusion reactions [7].

• Nuclear �ssion source

In nuclear �ssion, a heavy atomic nucleus, such as235U or 239Pu, absorbs

a thermal or fast neutron, depending on the used material. This absorption

makes the nucleus highly unstable. As a result, the nucleus splits into two or

more smaller nuclei, along with several neutrons and a signi�cant release of

energy. The process is highly exothermic, and the energy released is in the

form of kinetic energy of the �ssion products and of the emitted neutrons.

These neutrons can further initiate �ssion reactions in nearby �ssile nuclei,

creating a self-sustaining chain reaction. The �ssion can be also spontaneous

(only when A>230), as in the case of 252Cf (�gure 1.2).

1.1 Neutron classi�cation 3



• ( � , n) Conversion source

Alpha-n (� -n) neutron sources, such as Am-Be or Am-B, operate on the prin-

ciple of utilizing radioactive decay to produce neutrons. In these sources,

a radioactive element, typically 241Am, decays emitting � particles. These

particles possess relatively high energies (>5 MeV). The key to neutron pro-

duction lies in the interaction of these alpha particles with a speci�c target

material, which is often Be or B. When the emitted alpha particles collide

with the target material, nuclear reactions are triggered. One of the signi�-

cant reactions that take place is the (� , n) resulting in the emission of neutrons.

To ensure safety, � -n neutron sources are encapsulated and appropriately

shielded to prevent accidental exposure to radiation. These sources are valued

for their portability and are used in multiple applications. A typical energy

spectrum for an Am-Be source is shown in �gure 1.3.

• Nuclear fusion source

In a fusion source, two light atomic nuclei, often isotopes of hydrogen like

deuterium and tritium, combine to form a heavier nucleus. Fusion reactions

release a signi�cant amount of energy in the form of kinetic energy and high-

energy neutrons. To achieve fusion, the fuel (D and T) is heated to extremely

high temperatures, typically in the millions of Celsius degrees. Magnetic con-

�nement (as in a Tokamak) or inertial con�nement (as in laser fusion) are

needed to con�ne fusion fuel in the form of a plasma. When the fuel reaches

these extreme temperatures and pressures, the atomic nuclei overcome their

electrostatic repulsion and collide, undergoing fusion reactions. The fusion

reactions releases high-energy neutrons, characterized by energy spectra that

present a distribution highly peaked around the mean value (�gure 1.5).

• Spallation source

In a spallation neutron source, a primary beam (most commonly protons)

impinges on a target composed by a high mass number. The primary particle

reacts with nucleons. This can create an intranuclear cascade where some

energetic hadrons escape as secondary particles. Then, evaporation takes place

when the excited nucleus relaxes by emitting low-energy (less than 20 MeV)

neutrons, protons, alpha particles, etc., with the majority of the particles being

neutrons.

Secondary high-energy particles produced during the intranuclear cascade

move roughly in the same direction as that of the incident proton and can
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collide with other nuclei in the target. The reactions that follow are a series

of secondary spallation reactions that generate more secondary particles and

low-energy neutrons.

• ( 
 , n) Photoproduction source

In these processes a high energy photon interacts with the nuclear �eld, for

elements with A>200 the neutron production cross-section dominates for

energy above 13-15MeV; proton production is, in fact, suppressed by the

coulombian barrier of the nucleus.

For this work, data were collected at the e_LiBANS (University of Turin) and

GELINA (EC-JRC-IRMM, Geel) facilities. Both of them produce neutrons via

the (
 , n) reaction. Section 1.4 is dedicated to a more in-depth and detailed

description of these type of sources.

1.1 Neutron classi�cation 5



1.2 Physical relevant quantities

The aim of this section relies on the description of the physical quantities that are

used throughout this work. Some of these are useful almost only in the neutrons

area of interest and therefore require a speci�c de�nition.

First, a physical quantity that will be used repeatedly is the Fluence� . Accord-

ing to ICRU Report 85 [8] it is de�ned as the quotient of dN / da, where dN is the

number of particles incident on a sphere of cross-sectional areada, thus:

� =
dN
da

(1.1)

The use of a sphere of cross-sectional areada expresses in the most simply manner

the fact that one considers an areada perpendicular to the direction of each particle.

In transport calculation (as those employed in the Monte Carlo software, like MCNP)

the �uence in a cell of volume � V is frequently expressed in terms of the lengths

of the particle trajectories l i within the i-th cell. In can be demonstrated that the

�uence is given by [9]:

� =

nP

i =1
l i

� V
(1.2)

In a stationary �eld composed of particles with velocity v, the Fluence can be

calculated from the particle density n (particles per unit volume) as:

� = nvt (1.3)

The de�nition 1.1 implies that an isotropic response is needed to accurately measure

the quantity. Devices with prominent directional response,should be used only in

mono-directional �elds. Otherwise, the variation of their response with the angle of

incidence and the directional distribution of the �eld should be known in advance.

Another quantity of interest is the neutron �ux.In particular, the �ux is the increment

of particle number divided by the interval time [8]:

_N =
dN
dt

(1.4)

The �ux unit measure is the s� 1, while the unit measure for the �uence (equation

1.1) is cm� 2.
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Another quantity that is often used is the �uence rate, de�ned as the ratio between

the variation on the �uence and the variation on time:

_� =
d�
dt

(1.5)

For a stationary �eld characterized by particles of velocity v the �uence rate can be

rewritten using the 1.3:

_� =
d�
dt

=
d(nvt )

dt
= nv

dt
dt

= nv (1.6)

It is often useful to report the �uence energy spectrum in the equilethargic represen-

tation:

d�
du

= E
d�
dE

(1.7)

where E is the neutron energy and u is the lethargy, which depends on the number

of elastic collisions needed to reduce the neutron energy from the initial value E to

the �nal value E 0. It is de�ned by the equation:

u = ln
E
E 0 (1.8)

The energy in equi-lethargic representation preserves the integral of the curve also

in logarithmic scale, making possible comparison between different spectra [10].

1.2 Physical relevant quantities 7



1.3 Neutron cross sections

The following section an overview over all the most relevant neutron interaction

processes is presented. This summary is not intended to be exhaustive. For detailed

reviews the reader may consult any of the articles or books on the subject [11],

[12],[13],[14],[15],[16],[17],[18],[19], [20].

1.3.1 Scattering cross sections

The coherent neutron scattering lengths represents a fundamental nuclear parameter

that establish a crucial connection between measured cross-section data on one side

and the wave functions and nuclear potentials on the other. Hence, these scattering

lengths hold the potential to validate the theoretical frameworks concerning neutron-

nucleus interactions.

From the applied point of view, scattering lengths are used as "tools" in various

studies of crystals lattice and solids.

Supposing an incident neutron on a target, the incident wave function can be

modeled like:

 (z) = eikz (1.9)

At large distances r form the scattering center (target), the total wave function

describing both the incident and scatter neutron is in the form:

 (r ) = eikz + f l (� )
eikr

r
(1.10)

f (� ) describes the amplitude of the scattered component in the direction � . For

s-wave (l=0) neutrons, this factor can be obtained as:

f 0(� ) =
1

2ik
(e2i� 0 � 1) = �

e2i� 0

k
sin� 0 (1.11)

Where k is the wave number and � 0 is the s-wave phase shift which is related to the

scattering length a by the de�nition:

a � � lim
k! 0

 
sin� 0

k

!

(1.12)

In the approximation k ! 0 (slow neutrons), the scattered component of 1.10 has

the form:
a
r

eikr (1.13)
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And, consequently, the scattering cross section for slow s-wave neutrons can be

calculated as:

� s =
4�
k2 sin 2� 0 = 4 �a 2 (1.14)

It can also be shown [21] that the spin-dependent scattering lengths a+ and a�

associated with spins states I = +1/2 and I = -1/2 (where I is the spin of a

target nucleus) can be written in terms of the Breit-Wigner formalism. Moreover,

considering the coherent scattering length for each spin state, the scattering length

can be separated into real and imaginary parts:

acoh = R0+
X

j

2o� nj (E � E j )
4(E � E j )2 + � 2

j
+ i

X

j

o� nj � j

4(E � E j )2 + � 2
j

(1.15)

Where R0 is a constant term that can be explained considering the optical model and

o is the De Broglie wavelength:

o =
}

p
2mE

(1.16)

The imaginary part of the 1.15 can be related to the absorption cross section� a

[11]:

� a /
ai

k
(1.17)

Being k the wave number. For a massive particle, the wave number depends by the

energy of the particle like k /
p

E . Replacing the 1.15 into the 1.17 one can be

note that the absorption cross section is almost energy independent if it goes like

1/v. However, when neutron resonance is located near thermal energies, the neutron

cross section no longer present a 1/v trend andai become Energy dependent. More

details on how to correct this aspect will be provided in section 1.3.5.

For an element with several isotopes, characterized by different scattering length,

the total coherent scattering length is given by:

a =
X

j

f j aj (1.18)

While the quantity f j is the fractional abundance of the isotopej .

1.3.2 Capture cross sections

Generally a description of the neutron capture cross sections refers to the Breit-

Wigner formalism. However, is interesting to mention that in some cases the capture

cross sections can be adequately accounted in terms of a non-resonance contribution,

i.e. direct capture mechanism. This capture mechanism plays a dominant role in

nuclei characterized by an high binding energy, like the light ones or nuclei with
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nucleons numbers close to the magic numbers (2, 8, 20, 28, 50, 82, and 126).

For an isolated, neutron resonance, the Breit-Wigner formula for capture reaction

can be written in the form:

� tot /
g�

(E � Er )2 +
�

�
2

� 2 (1.19)

Where g is the spin factor and � is the total interaction width that is de�ned by

the product of all the possible interaction widths � i , being i a speci�c decay or

interaction channel. The de�nition of g is:

g =
2J + 1

(2S + 1)(2 I + 1)
(1.20)

Since the spinS for neutrons is 1/2 the 1.20 can be rewritten:

g =
2J + 1

2(2I + 1)
(1.21)

Being J the spin of the resonance and I the spin of the target nucleus.

It should be noted that, for most nuclei, the resonance energyEr is far from the

thermal region (as already mentioned in 1.3.1) and that the resonance energy is

much higher compared to the total width � . As a result, the contribution from

known resonances to the capture cross section at a neutron energy of 0.0253 eV

(corresponding to a maxwellian peak at 293.6 K) can be approximated by the

incoherent sum:

� 0

 = A

� A
A + 1

� 2 NX

j

g� 0
n j � c j

E 2
0j

(1.22)

Being A an empirical factor. Similar expressions can be written to evaluate the

contribute of the resonances in the thermal region for a speci�c interaction channel

� i simply substituting the � c term with the desired term.

Typical widths � of measured resonances are in the order of electron-volts. According

to Heisenberg's uncertainty principle, the corresponding life time of the compound

nucleus is in the order of � = } =� ' 10� 15 s, several orders of magnitude larger

than the typical time needed by a neutron to cross a nucleus without interaction. In

direct reactions, as the opposite reaction mechanism to compound nucleus reactions,

the incident neutron interacts directly with one or a few nucleons without forming

a compound nucleus. The time scale of direct reactions is in the order of10� 22 s,

much shorter than compound-nucleus resonance reactions. Direct reactions become

important for the heavier nuclei at neutron energies higher than about 10 MeV

where the De Broglie wavelength of the neutron becomes comparable to the size

of nucleons. But also at lower neutron energies, mainly for light or closed shell

nuclei, direct reactions may contribute signi�cantly to the total reaction cross section.
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Nevertheless, in general for neutrons with energies below 1 MeV the compound

nucleus reactions prevail.

Fig. 1.6.: Schematic view of the formation and decay of a compound nucleus with typical
values of level spacing and neutron separation energy. The resonances observed
in the reaction cross section correspond to the excitation of nuclear levels.

Fig. 1.7.: Yb radiative neutron capture cross section as a function of neutron incident
energy [22]

To summarize, studying the overall capture cross section, four region can be distin-

guished (�g- 1.7):

• For low energy neutrons, before the �rst capture resonance,� c is approximately

1/v where v is the velocity of the neutron.

• At higher energy, isolated resonances can be found and the radiative cross

section assume the shape of the typical Breit-Wigner resonance. This region of
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isolated resonances begins in the keV region in medium weighted nuclei, in the

MeV region in light nuclei and in the eV region for very heavy non-magnetic

nuclei. This region is called Resolved Resonance Region (RRR).

• At even higher energy, resonances start to overlap and are not longer distin-

guishable. The Breit Wigner formalism can not be applied and the formal

treatment is based on integral quantities.

• Finally at higher energies (� MeV ), other reactions begin to intervene in

competition with the radiative capture cross section. The result of this trend is

a decrease of� c to very low values at high energies.

It should be noted that the energy point of separation between the RRR and the URR

depends element by element, but ultimately it is determined by the experimental

energy resolution. Hypothetically, with a perfect system with close to zero energy

resolution ( � E=E ' 0) all the resonances can be resolved and so the RRR would be

extended over all the URR.

After the capture reaction, prompt gamma are emitted to de-excite the compound

nucleus. After the emission of prompt rays the isotope is, in most of cases, still

unstable; it means that it can decays via� or � emission. This delayed emission is

completely random in time for the stochastic nature of the process.

Figure 1.8 is strictly related to �gure 1.6 and shows how the new nucleus can decay

via � decay after the prompt gamma emission process.

Fig. 1.8.: Neutron capture scheme for the reactionA
Z X + 1

0 n !
� A +1

Z
X

� �
! A +1

Z X + 
 .

Refer to [23].
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A useful feature in studying neutron capture comes from the prompt 
 rays which

are almost completely unselective in populating the lower excited states, because

there are no strong selection rules based on nuclear structure. For instance, if the

capture state has spin S = 4, a dipole radiation to populate all 3, 4, 5 spin states

can be expected. This is in contrast to� and � decay, where the emission process is

mainly driven by selection rules which may forbid decays in certain states. Neutron

capture can therefore serve as a complete means of spectroscopy of excited states.

Another interesting application of the (n, 
 ) reaction occurs when the ground

state of the �nal nucleus is itself unstable (see the scheme in 1.8). In this case, an

activity A is induced within the sample exposed to the neutron beam.

A deep treatment of this application will be analyzed within this work.

It should be useful to remember that, for a speci�c element, the cross section

of the process does not depend in any way on the type of decay to which the formed

nucleus will undergo. This can be explained using the principle of independence

formulated by Ghoshal in 1950 [24]. The only difference between the case in

analysis and other capture phenomena relies on the particle emitted during the

de-excitation.

1.3.3 Kernel formalism

An useful formalism for the treatment of the capture cross section has been proposed

by the Brookhaven laboratory [25].

For simplicity, the model threats the case of a single-level Breit-Wigner (SLBW), in-

troducing a quantity strictly related to the strength of the resonance called kernel:

A 
 =
Z + 1

�1
� 
 (E )dE (1.23)

In fact, this quantity is the area of the resonance, calculated integrating over all the

energy phase space. From [26] p.89, the expression can be compared with:

A 
 = 2 � 2o2g
� n � g

�
(1.24)

Considering an isolated resonance of the energyE0 and calling � E the energy

between E2 and E1 range in which the resonance can be considered isolated, the

mean capture cross section value can be de�ned as:

�� 
 =
1

� E

Z E1

E2

� (E )dE �
1

� E

Z + 1

�1
� 
 (E )dE = a

g� n � 


�
(1.25)
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Where, for brevity, the a term contains all the quantities out of the integral. The

equation 1.25 reveals that there is a strong dependence of the average radiative

cross section on the area of the resonance itself and also on the reaction widths. The

value of a can be obtained with some calculations and its dependence on the energy

is / 1=E0. This dependence can be largely omitted as long as single resonances

case is discussed, but it will play an important role once many resonances must be

considered in a single energy group� E .

It should be noted that during the resonance parameters evaluation in the RRR, the

effect of the resonances outside this energy range should be taken into account. In

computing average cross sections these resonances would be accounted by processing

codes, but not by kernel equations. Therefore, one should be aware of that and be

careful when comparing different data. The most commonly used resonances are:

• Bound resonances. These are introduced primarily to �x thermal region.

However, their elastic scattering tail might extend to much higher energies

depending on their neutron width. It should be noted that in some cases they

are really large. Consequently, they can interfere with the real cross section

in the thermal domain. They are characterized by a negativeE0 resonance

energy.

• High energy resonances. These are introduced primarily to take care of

contribution from missing resonances and to compensate the lack of knowledge

in the Unresolved Resonance Region (URR). Again, if their width is too large,

the tails would extend to much lower energies.

It should be noted that all these considerations have been proposed within the SLBW

approximation. The Multi Level Briet Wigner (MLBW) approximation is, in general,

more adequate than the single level one. The collision matrix in this model is:

Ucc0 = e� i ( � c+ � c0)
�
� cc0 + i

X

�

� 1=2
� c

� 1=2
� c0

E � + � � � E � i � �= 2

�
(1.26)

Where c and c0 are the initial and �nal state and � � is the level shift. Without giving

too many details of this complex modeling, from the 1.26 it should be noted that

the MLBW collision matrix is not unitary, therefore, the value of � c is not the sum

of the partial cross sections. Only elastic scattering is actually calculated in MLBW

approximation. All other partial cross sections are calculated in SLBW approximation,

and the total cross section as the sum over all partials. This avoids negative cross

sections yet prevents neither nonphysical peak cross sections nor badly described

interference minima for strongly overlapping levels.

It should be highlighted that the calculation of MLBW partial cross sections consider-

ing the � c equation involves a double sums over levels. This can be time-consuming
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if hundreds of levels are to be included, as is not unusual with modern evaluated

data. Thus, the partial cross section calculation is most commonly extracted directly

from the collision matrix which involves only a single sum over levels.

1.3.4 Doppler broadening and Free Gas model

An important phenomenon that affect the resonance shape is the Doppler broadening.

Thermal motion of the target nuclei causes Doppler broadening of the resonance

peaks observed in the laboratory system: as the target temperature increases, the

peaks become broader while their areas remain practically constant. This changes

the average scattering, capture and �ssion rates. For these reasons it plays an

important role in the cross section evaluations.

Fig. 1.9.: Doppler broadening for the 65Fe resonance at 1.15 keV. In black is shown the
theoretical shape of the resonance at a temperature of 0 K, while in red is shown
the real shape at a temperature of 293.6 K (kT=25 meV)

In practical applications (e.g. reactor facilities) resonance cross sections are mostly

needed in Doppler broadened form. It is sometimes claimed that for light nuclei

Doppler broadening can be neglected. This, in �rst approximation, can be true for

the broad s-wave levels but fails for the narrow p, d or even higher momentum wave

levels.

The Free Gas formalism introduce a model to describe the change on the cross

section and, in particular, on the width of the resonances. Other models have been

conceived and found applications in many �elds [27].

Consider a parallel beam of mono-energetic particles with laboratory velocity v,

colliding with target nuclei whose velocities u are distributed in such a way that

p(u)d3u is the fraction with velocities in a small three-dimensional region d3u around

u in velocity space. If � 1 and � 2 are the densities of beam and target particles, re-
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spectively, the number of reactions occurring per unit time and unit volume is given

by:

� 1� 2

Z
p(u)jv � uj� (jv � uj)du = � 1� 2v�� (v) (1.27)

Where j� (jv� u)j is the unbroadened cross section for a relative speedjv� uj between

the collision partners, and �� (v) the effective or Doppler-broadened cross section for

incident particles with speed v. It can be noted that, from 1.27, a 1/v cross section is

not affected by Doppler broadening.

Let now assume that the target nuclei have the same velocity distribution as the

atoms of an ideal gas, following a Maxwell-Boltzmann distribution in the form:

p(u) =

r
1
� 3 e

� u 2

u 2
T

d3u
u3

t
(1.28)

Integrating over all possible relative velocities v-u in polar coordinates and then

changing the variable from the velocity to the energy one can be found that the

Doppler broadening affect in a symmetric way the resonance shape (Gaussian

broadening) and it is expressed by the formula:

�� (E ) =
1

�
p

�

Z + 1

0

h
e

�
�

E �
p

EE 0
� =2

� 2

� e
�

�
E +

p
EE 0

� =2

� 2
i

s
E 0

E
� (E 0)dE0 (1.29)

Where

� =

s
4EkT
M=m

(1.30)

is called the Doppler width. For E � � , which is usually satis�ed above a few eV,

one can simplify by retaining only the �rst two terms of the expansion
p

EE 0 =

E + ( E 0� E )=2 + ::: in the exponent. Shifting the lower limit of the integral to �1

thanks to the symmetry of the integral the 1.29 becomes:

p
E �� (E ) =

1
�

p
�

Z + 1

�1
e

�
�

E 0� E
�

� 2
p

E 0� (E 0)dE0 (1.31)

which means Gaussian broadening of the reaction rate on the energy scale with a

width � that depends by the temperature (eq. 1.30).

1.3.5 Westcott convention

Thermal neutron �uences are often quoted using the Westcott convention [8]. The

use of such approach is due to the fact that the capture cross-section at a certain

energy depends by the temperature during the experiment itself. The convention is

to consider as reference value the room temperature energy equivalent, that means

a value in energy of E0=0.0253 eV ( T0=293.6 K).
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As most of the experiment are carried in nuclear reactor facilities, the temperatures

can be slightly different from the reference value T0. Westcott [28] elaborated a

method for converting the value of a cross section� measured at a temperatureT

into the corespondent value of � 0. The model he developed describes the neutron

spectrum as a combination of a Maxwellian distribution for the neutron velocity

characterized by a temperature T and a component of epithermal neutrons with an

energy distribution proportional to 1=E. For a nuclide whose neutron capture cross

section does not follow the 1=v trend the cross section can be written:

� = � 0(gw + rs) (1.32)

Where gw is the Westcott factor (see equation 1.34). r is the epithermal index and

represents the fraction of the total neutron density in the epithermal energy range.

s is a temperature-dependent quantity strictly related to the reduced resonance

integral I 0:

s =

s
4T
�T 0

I 0

� 0 (1.33)

If the epithermal component is negligible ( r = 0 ) the gw-factor is simply the ratio of

the Maxwellian averaged cross-section� t to the reference value� 0:

gw =
� t

� 0
=

1
v0� 0

Z
4

p
�

 
v
vt

! 3

� (v)e(� v=vt )2
dv (1.34)

It should be noted that the Westcott factor is dependent on the temperature T, since

the value vt is given by:

En = kT =
1
2

mv2
T (1.35)

If � (v) / 1=v the cross section is equivalent to� 0 and the gw factor is equal to 1.

Many nuclides present resonances in the absorption cross section at different energy

values. For nuclides which have resonances near the thermal range the Westcott

gw-factor is different from unity. For example, 155Gd has g=0.8390 [29], looking

at the cross section, it reveals a resonance at 26.8 meV [26], exatcly in the thermal

region. Regardless, most of nuclides have the �rst resonance quite far form the

thermal domain and the g-factor is close to 1.

The Westcott convention is also used to calculate the �uence values. this pro-

vides a measure of the �uence with small uncertainties, therefore it is ideal for

comparing thermal cross sections in activation measurements. The total Westcott

�uence rate is de�ned as
_� W = n � v0 (1.36)

where n is the total neutron density and v0 is a velocity which by convention is equal

to 2200 m/s, corresponding to the velocity at the peak of a Maxwellian thermal
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�uence distribution for a moderator with T=293.6 K. It does not matter which is the

actual moderator temperature or the actual shape of the spectrum. On the contrary,

these are taken into account if the mean velocity of the neutron �eld v is known and

the true total �uence rate is calculated by:

_� true = n � v (1.37)

When activation foils are used for a �uence measurement, the quantity obtained

from the activation rate is the neutron density n hitting the target. To translate this

value into a true �uence rate, the shape of the spectrum should be known. Instead,

the Westcott �uence rate is immediately evaluable.

Various different Westcott �uence rates can be de�ned. The total Westcott �u-

ence rate _� W = n � v0, where n includes all the neutron density, the Maxwellian

Westcott �uence rate, _� M;W = nM � v0, where nM is limited to the Maxwellian range

and does not include the 1/E Westcott �uence rate, _� (1=E);W = n(1=E) � v0, which

concerns the neutron density in the 1/E distribution.

In this work, the NPL formalism is adopted as reported in Thomas and Kolkowski,

[8], and the sub-CadmiumWestcott �uence rate is taken as reference. This quantity

is de�ned as
_� W;th = nth � v0 (1.38)

where nth is the neutron density measured with the cadmium exposition technique

corresponding, in �rst approximation, to the density of neutrons below the Cd cut-off

energy (0.5 eV).

Sincev0 is always lower than v, the Westcott �uence rate is always an underestima-

tion of the true �uence rate. Even for a perfect moderator, which would give a pure

Maxwellian with of 293.6 K, the ratio v=v0 is equal to 1.128, while for non ideal

moderators the ratio is higher.
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1.4 Photo nuclear neutron reaction

Photodisintegration, alternatively known as phototransmutation or photonuclear

reaction, denotes a nuclear phenomenon wherein an atomic nucleus absorbs a

gamma ray of substantial energy, leading to its excitation, followed by a prompt

decay through the emission of subatomic particles. This high-energy gamma ray

impinging upon the nucleus effectively dislodges one or more neutrons, protons, or

an alpha particle. These reactions are denoted as (
; n ), ( 
; p ), and ( 
; � ).

During this work the ( 
; n ) played an important role, since some neutron sources

used for the measurements are based on this particular reaction. In this section a

brief explanation on the physics of these reaction will be provided.

1.4.1 Giant Dipole Resonance (GDR)

The giant dipole resonance (GDR) absorption mechanism can be conceptualized

as the electromagnetic wave, the photon, interacting with the dipole moment of

the nucleus as a whole. This results in a collective excitation of the nucleus. It is

the most likely process (that is, the process with largest cross section) by which

photons interact with the nucleus. Peak cross sections of 6-10 mb can be seen

for the light isotopes and 600-800 mb are not uncommon for the heavy elements.

Thus, photonuclear collisions may account for a theoretical maximum of 5-6% of

the photon collisions. Figure 1.10 shows as an example the photo-atomic ad photo-

nuclear cross section in lead. According to Levinger and Bethe [30] the area under

Fig. 1.10.: The logarithmic scale in the y-axes allows observing the contribution of the
photonuclear reactions which is indicated with the green curve.
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the resonance peak in the photon absorption cross section as a function of the photon

energy E, is approximately given by the dipole sum-rule:

Z + 1

0
� (E )dE =

�e 2h
2Mc

NZ
A

= 0 :06
NZ
A

(1.39)

The large body of experimental photonuclear data showed that the Lorentz shape

gives a reasonably good approximation to the GDR:

� (E ) =
� GE 2� 2

G

(E 2 � E 2
G) + E 2� 2

G
(1.40)

Where � G, � G and EG are respectively the peak cross section, full width at half

maximum and peak position of the giant dipole resonance. Deformed nuclei are

represented by two such Lorentzian shapes corresponding to oscillations along the

major and minor axes.

An empiric formula for estimating the resonance energy in the case of heavy elements

is:

EG ' 80A
1
3 (1.41)

The GDR occurs with highest probability when the wavelength of the photon is

comparable to the size of the nucleus. This typically occurs for photon energies in

the range of 5-20 MeV leading to a resonance width of a few MeV. Outside of this

resonance region, the cross section for a GDR reaction becomes negligible.

Axel [31] proposed the idea that the reaction mechanism responsible for gener-

ating the Giant Dipole Resonance (GDR) is also accountable for the (n,
 ) process

in proximity to the neutron separation energy. This proposal equates the gamma

absorption cross section to the characteristics of the GDR. Utilizing the principle of

detailed balance and calling the Brink [32] hypothesis, which suggests that each

excited state includes a GDR with the same shape as the ground state but displaced,

Axel derived a relation for the Giant Dipole Resonance width � G.

A proof of this formula can be found in the experimental results on many different

target nuclei [33].

In �gure 1.11is shown the cross-section for photo-production of neutrons on various

Isotopes of the Neodymium (Z=60) depending on the energy of the photon:
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Fig. 1.11.: Giant Dipole Resonance cross section for Nd (Z=60). The mass number
dependence on the cross section is clearly visible.

1.4.2 Fermi Liquid model

According to the Fermi Liquid Model (FLM)[166] for a nucleus which is character-

ized by strongly interacting particle, the damping width of the GDR is energy and

temperature-dependent, and is given by:

� G(E 
 ; T) =
� 0

G

E 2
G

(E 2

 + 4 � 2T2) (1.42)

Where � 0
G = � G for ( E 
 = Eg,T = 0 ) is the damping width of the GDR at its peak

energy, and T is the nuclear temperature of the �nal state. As can be seen in 1.42,

the spreading width is composed of two components: one which is due to the decay

of particle-hole states to more complicated con�gurations, the other is produced by

thermal effects arising from the collisions of particles in the nuclear volume.

This model can be generalized to describe adequately the gamma-ray strength

functions and width for both spherical and deformed nuclei. For deformed nuclei,

the sum of two incoherent terms, with the appropriate Lorentzian GDR parameters,

are required. A detailed discussion can be found in [26].
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1.4.3 Quasi-Deuteron model

The quasi-deuteron (QD) absorption mechanism, described by Levinger in [34] and

[35], can be conceptualized as the electromagnetic wave interacting with the dipole

moment of a correlated neutron-proton pair. In this case, the neutron-proton pair

can be thought as a QD having a dipole moment with which the photon can interact.

This mechanism is not as intense as the GDR but it provides a signi�cant background

cross section for all incident photon energies above the relevant particle separation

threshold. However it becomes the most relevant photoabsorption process in the

energy region above the GDR peak, i.e. above 30 MeV [36].

1.4.4 Particle emission

Once the photon has been absorbed by the nucleus, one or more secondary particle

emissions can occur. For the energy range under discussion (below 50 MeV) these

reactions may produce a combination of gamma-rays, neutrons, protons, deuterons,

tritons, helium-3 ions and alpha particles. The threshold for the production of

a given secondary particle is governed by the separation energy of that particle,

typically from few MeV to few tens of MeV as a maximum. It should be noticed that

for heavy elements, neutrons are emitted preferentially since they are not subject to

the high coulomb barrier. In light nuclides, on the other side, the barrier is lower and

compensates for the difference in the separation energy for neutrons and protons.

Light nuclei show indeed a neutron separation energy higher than proton due to the

paucity of states available for the decay by neutron emission.

The (
 ,n) reaction is not the only photoabsorption process giving the emission of a

neutron in the �nal state. Other reactions, such as (
 ,pn), ( 
 ,� n), ( 
 ,2n), ( 
 ,p2n)...,

contribute to the photoneutron production, and the cross section � (
 ,sn), which

indicates the contribution of photonuclear processes to the photoabsorption cross

section, can be written as:

� (
; sn ) = � (
; n ) + � (
; 2n) + � (
; pn ) + ::: (1.43)

For heavy nuclei, the neutron producing cross section is a good approximation of

the total gamma absorption cross section and, in the energy range where the GDR

mechanism is dominant (below 35 MeV), the (
 ,n) reaction makes usually the major

contribution.

Table 1.2 shows the threshold energies for different photoneutron producing reac-

tions in some light and some heavy elements as reported in the NCRP Report n°79

[37].

Most of these particles are emitted via pre-equilibrium and equilibrium mechanisms

although it is possible, but rare, to have a direct emission.
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Pre-equilibrium emission can be conceptualized as a particle within the nucleus that

receives a large amount of energy from the absorption mechanism and escapes the

binding force of the nucleus after at least one, but very few, interactions with other

nuclei. This is in contrast to a direct emission where the emission particle escapes

the nucleus without any interactions. Typically this occurs from QD absorption of

the photon where the incident energy is initially split between the neutron-proton

pair. Particles emitted by this process tend to be characterized by higher emission

energies and forward-peaked angular distributions.

Equilibrium emission can be conceptualized as particle evaporation. This process

typically occurs after the available energy has been distributed among the nucleons.

In the classical sense, particles boil out of the nucleus as they penetrate the nuclear

potential barrier. The barrier may contain contributions from coulomb potential

(for charged particles) and effects of angular momentum conservation. Particles

emitted by this process tend to be characterized by isotropic angular emission and

evaporation energy spectra.

The maximum energy of the emitted neutron, En , corresponds to the photon energy,

E
 , minus the separation energy Sn and the centre of mass recoil energy� R :

En = E 
 � Sn � � R (1.44)

but since for all the emission reactions discussed above, the nucleus will most

probably be left in an excited state, its excitation energy, Ex;A � 1, must also be

subtracted. When the level density of the appropriate states in the daughter nuclide

is low, only a few state can participate in the decay process. The spectrum of

photoneutrons then consists of only a few discrete lines whose energies in the centre

of mass system are given by:En = E 
 � Sn � � R � Ex;A � 1. When the density of

states in the daughter nuclide is high, i.e. heavy nuclides, the discrete spectrum

of decay neutrons becomes continuous. In this case the distribution of levels can

be treated by statistical mechanics and different ways can be found in literature to

parametrize the deriving neutron energy distribution ([38],[39]).

The excited daughter nucleus will subsequently relax to the ground state by the

emission of one or more gamma-rays. The gamma-ray energies follow the well

known patterns for relaxation. The only reactions that do not produce gamma-rays

are direct reactions where the photon is absorbed and all the available energy is

transferred to a single emission particle leaving the nucleus in the ground state.
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Element Photonuclear reaction Threshold energy (MeV)

12C (
; n 0) 18:7
(
; n � ) 20:7
(
; np ) 27:4
(
; n� ) 26:0
(
; np� ) 38:0

16O (
; n 0) 15:7
(
; 2n) 15:7
(
; n � ) 21:0
(
; np ) 23:0

14N (
; n 0) 10:5
(
; np � ) 14:1

23Na (
; n ) 12:4
(
; np ) 19:2
(
; 2n) 23:5

56Fe (
; n ) 11:2
(
; np ) 20:4
(
; 2n) 20:5

63Cu (
; n ) 10:9
(
; np ) 16:3
(
; 2n) 19:7

183W (
; n ) 6:2
(
; np ) 13:8
(
; 2n) 14:3

208Pb (
; n ) 7:37
(
; np ) 14:9
(
; 2n) 14:1

Tab. 1.2.: Separation energies for photonuclear reactions in isotopes of light and heavy
nuclides. The symbol *, e.g. (
; n � ), indicates the excited state of the nucleus
after the neutron emission.
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1.5 Neutron moderation

In general, when a neutron undergoes an elastic collision, it suffers a loss of energy,

this loss can be calculated with the aid of simple mechanics.

The slowing down of neutrons in hydrogenous media is of particular importance. Let

consider the general elastic collision between a neutron of mass 1 and a nucleus of

mass A, assuming isotropic scattering in the centre of gravity system and supposing

A to be initially at rest.

Fig. 1.12.: Elastic neutron-nucleon collision evaluated in laboratory system and in the
centre of gravity system (C.G. system).

The initial neutron velocity is v. The �rst step is to analyze the process into the

centre of gravity co-ordinate system (see Fig. 1.12) in which the velocity of the

neutron is

vn =
A

1 + A
v (1.45)

and the velocity of the nucleus is

vA =
1

1 + A
v (1.46)

The effect of the elastic collision results in a change of the velocities directions,

without affecting their magnitudes. This is shown in Fig. 1.13, where the neutron

velocity makes an angle� with the original direction.

In order to �nd the magnitude and direction of the neutron velocity as observed in

the laboratory system after the collision, the velocity of the centre of gravity has to

be added. The �nal velocity is v0 and can be found that:
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Fig. 1.13.: Kinematic after the interaction.

v0 =
v

1 + A
� [1 + A2 + 2A cos� ]

1
2

This result, in terms of kinetic energy can be written

E 0 = E �
1 + 2A cos� + A2

(1 + A)2

The maximum value is obtained when � is equal to zero. The result does not depend

by the mass number A:

E 0
max = E (1.47)

Th minimum value is obtained when � is equal to � . The result depends by the mass

number A:

E 0
min = E �

 
A � 1
A + 1

! 2

(1.48)

For a given A, the probability of a certain value of E 0 is uniform between minimum

and maximum value, as long as allcos� are equally probable.
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Now the true value for the average energy after a certain number of collisions

can be derived. Is useful to introduce the lethargy (1.8):

u = ln
E
E 0

Assuming isotropic scattering:

� =
Z E 0

max

E 0
min

ln
E
E 0 � dp(E 0) (1.49)

whence

� = 1 �
1
2

A

 

1 �
1
A

! 2

� ln

 
A + 1
A � 1

!

(1.50)

Inserting numerical values, one �nds � = 1 for hydrogen (A = 1), and � = 0.158

for graphite (A = 12). Now the mean energy of neutron after n collision can be

calculated as:

E 0 = Ee� �n (1.51)

For a certain material and a given � , is possible to extract the number of collisions

needed to reach a wanted value ofE 0.

For example, in the case of a neutron withE = 1 MeV that is moderated in hydrogen

until an energy of E 0 = 1/40 eV, is found n = 17.5. The corresponding result for

graphite is n = 110. For these reasons to moderate neutrons beams generally water

or paraf�n are used.

The previous calculation has assumed the nucleus from which neutrons scatter

to be at rest. This is certainly a good approximation for MeV neutrons, but as

thermal energies are approached, thermal motions of the atoms of the moderator

begin comparable to the speeds of the neutrons. The scattering in this case is better

analyzed using statistical mechanics.

Since thermal equilibrium with the moderator at temperature T is achieved, the

neutrons are described by a Maxwellian speed distribution:
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f (v) dv = 4 ��

 
m

2�kT

! 3
2

v2e� mv 2

2kT dv (1.52)

where f (v) dv gives the fraction of neutrons with speeds betweenv and v + dv, m is

the neutron mass and� is the total number of neutrons per unit volume.

It should be noted that if kT=0.025 eV the most probable velocity v0 is 2200 m/s.

Rewriting 1.52 in terms of energy gives:

f (E ) dE = 2 ��
E

1
2

(�kT )
3
2

e� E
kT dE (1.53)

For neutrons at thermal equilibrium in an ideal moderator, the energy spectrum

approximates to a Maxwellian distribution. Equation 1.52 and 1.53 represent the

spectrum in terms of neutron density (� ) as a function of the the neutron velocity or

the neutron energy. To translate these de�nitions in terms of �uence rate quantity

the following relationship must be applied:

_� =
Z 1

0

_�( v)dv =
Z 1

0
n(v) � vdv = n � v (1.54)

where n(v) is the velocity neutron distribution and v is the average velocity which is

given by the usual formula:

v =
R1

0 n(v) � vdv
R1

0 n(v)dv
(1.55)

Since the velocity distribution n(v) can be derived by the 1.52, the value ofv can be

calculated by:

v =
4

p
�

Z 1

0
e(� v=vT )2

(v=vT )3dv =
2

p
�

vT (1.56)

where vT is the neutron velocity for energy kT , vT =
q

2kT
mn

.

With these equations, the �uence rate distributions as a function of the velocity v,
_�( v), and of the energy E, _�( E ), can be written as:
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_�( v)dv
_�

= 2( v=vT )3e(� v=vT )2 dv
vT

(1.57)

and
_�( E )dE

_�
=

E
kT

e(� E=kT ) dE
kT

(1.58)

The maximum of �uence rate is located at E = kT and the mean energy for the

�uence distribution is E = 2kT . The distribution is not symmetric when it is plotted

in linear scale.

When a real moderator material is considered some complications must be taken

into account:

• The slowing down neutrons will �ll the region above the Maxwellian peak,

producing a 1/E energy dependence int he epithremal region;

• the temperature parametrising the Maxwellian peak may not be that of the

moderator material but it may be an effective temperature above the moderator

temperature [8];

• the actual shape of the spectrum could be different from a perfect Maxwellian.

For these reasons, conventions are usually applied to deal with realistic thermal

neutron �uences. In this work a formalism coherent with the Westcott convention,

as indicated in [8], is adopted.

Cold or ultra-cold neutrons do not have a direct impact on the results of this work.

Nevertheless, they are effective in disparate applications because their wavelength

is of the order of the inter-atomic and inter-molecular distances. So as to obtain

neutrons in this energy range the moderator is cooled or a small fraction of the

thermal Maxwellian distribution is selected.

1.5 Neutron moderation 29



1.6 Neutron detection techniques

A complete description over all the neutron detection techniques is out of the scopes

of this manuscript. Nevertheless, a generic overview over the most used conversion

reactions and some application is provided. This should be useful for understanding

the dif�culties in the neutron detection �eld.

1.6.1 Thermal neutron detectors

A typical neutron detector is composed of a target material designed to convert

the primary neutron radiation in secondary charged radiations coupled with a

conventional charged particle detector. A nuclear reaction to detect thermal neutrons

should have a very high cross section (for a high detector ef�ciency).

The target element should be enriched respect to natural isotopic abundance and

the reaction should be suitable to discriminate gamma-rays (ubiquitous background

radiation in neutron measurements). The higher is the Q-value, the greater is the

energy transfer to byproducts and the easier is the
 discrimination.

Typical reactions used to convert thermal neutrons into directly detectable particles

are:

• 10B(n, � )7Li reaction:

10B + n ! 7 Li + �

Q = 2 :792 MeV (7Li ground state, B.R. = 6%)

10B + n ! 7 Li � + �

Q = 2 :310 MeV(7Li excited state, B.R. = 94%)

This capture reaction has a very high cross section (� =3837 b) if compared

with other elements. Moreover, natural boron is composed by 19.8% of10B

and this percentage can reach up to 95% in enriched materials. This isotope is

normally included in the detectors in gaseous form (BF3) or in solid compounds

applied, for example, to the walls of an ionization chamber.

Since the neutron momentum is several orders of magnitude smaller than the

momentum of the byproducts, it is possible to assume that they are directed
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back-to-back. In the excited state the� and the 7Li emerge from the nucleus

with an energy of 1.47 MeV and 0.84 MeV, respectively.

• 6Li(n, � )3H reaction:

6Li + n ! 3 H + �

Q = 4 :78 MeV(3H ground state, B.R.� 100%)

This process is similar to10B, but the capture cross section for this isotope is

� =b and, as a consequence, detector would be less ef�cient. However, the

high Q-value of the reaction (Q=4.78 MeV) allows a good discrimination

between the signals produced by photons and by neutrons. The ef�ciency of

the detector can be enhanced by6Li enrichment (up to 90%). As for the 10B,

it is possible to create solid conversion substrate made of, for example,6LiF.

Also in this case the reaction products are assumed to be emitted back to back

and the energies of the tritium nucleus and of the � particle are 2.73 MeV and

2.05 MeV, respectively.

• 3He(n, p) 3H reaction:

3He + n ! 3 H + p

Q = 0 :764MeV(ground state, B.R.� 100%)

This reaction is the most advantageous in terms of cross section (� =5400 b)

in the thermal range, thus detectors utilizing this isotope usually are more

ef�cient. In the epithermal range the cross section decreases as the neutron

velocity increases� / 1/v up to energies of 200 keV and then is approximately

constant in the interval [200 keV, 2 MeV]. Nonetheless, the cross section

remains acceptably high and3He can be employed with epithermal and low

energy fast neutrons too.

Also in this case the reaction products are assumed to be emitted back to back

and the energies of the tritium nucleus and of the proton are 0.191 MeV and

0.573 MeV, respectively.
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• Fission reaction:

235U,239Pu or other �ssile elements can be used to convert neutrons into

charged particle. In this case, the �ssion process produces heavy nuclear

fragments along with numerous gamma rays that can be easily revealed.

• Radiative Capture (n, 
 ):

Detectors based on radiative capture are used for thermal neutron and take

advantage of the prompt photon emitted immediately after the neutron cap-

ture. Also Auger electron ejection is possible, instead of the gamma ray. This

electron (or the � � radiation due to the nucleus de-excitation) can be detected

and information about the neutrons �ux can be extrapolated from this mea-

surement. Some typical elements that can be used for this application are
197Au, 155Gd 157Gd, 113Cd.

Fig. 1.14.: Cross section versus neutron energy for some reactions of interest in neutron
detection [40].

Figure 1.14 shows the cross sections vs neutron energy for the discussed

reactions.

In thermal neutron detectors the information on the neutron energy is completely

lost in the conversion process of a neutron into charged particles, and so thermal

neutron detector, without other devices, can not measure the energy of the neutrons,

they only detect the neutron passage in the material.
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1.6.2 Fast neutron detectors

Neutron interaction cross sections in the high energy range are much smaller than

in the low energy range.

Therefore, fast neutrons are often detected after their moderation to thermal ener-

gies. However, during that process the information on the original energy of the

neutron, its direction, and the time of emission are lost.

Typical fast neutron detectors are liquid scintillators, 4He based noble gas detectors

and plastic detectors. Fast neutron detectors show many differences in term to their

capability of neutron/gamma discrimination and sensitivity.

The capability to distinguish between neutrons and gammas is excellent in4He de-

tectors thanks to their low electron density and excellent pulse shape discrimination

property.

Example of a directional fast-neutron detector is described in [41] where mul-

tiple proton recoils in separated planes of plastic scintillator material are used. The

paths of the recoil nuclei created by neutron collision are recorded; determination of

the energy and momentum of two recoil nuclei allow calculation of the direction

and energy of the neutron that interacts via elastic scattering with them.

Finally, some fast neutrons detectors exploit the �ssion reaction on 235U and 238U.

These have the advantage of being almost immune to the photonic background, but,

in the 235U case, the presence of background due to thermal neutrons may cause

problems. As a result, detectors that employs this isotope can be used for �uence

measurements in the energy range from 100keV up to 200 MeV. In cases with

relevant thermal neutrons presence the238U is a valid alternative.

1.6.3 Bonner sphere technique

To perform neutron spectrometry over a wide energy range (ten decades in energy)

Bramblett and coworkers [42] proposed a method, today called Bonner Spheres

Spectrometer (BSS). This is based on a set of high-density polyethylene (HDPE)

spheres of different diameter with a thermal neutron detector in their centre. As

shown in �gure 1.15, a given moderator diameter preferably moderates neutrons

in a well-speci�ed energy interval. Thus, the response of given sphere peaks at

an energy that is uniquely related to the sphere diameter ([43]). Whilst a 6cm

diam. sphere peaks at about 3 eV, a 25 cm sphere peaks at about 6 MeV. With a

set of spheres from 5cm (2") to about 30 cm (12") it is possible to cover all energy

components form eV to 10 MeV.
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Fig. 1.15.: Sketch of the interactions of neutrons in the Bonner spheres spectrometer. The
neutron 1 after some elastic scattering reaches the detector. The 2 neutrons
escape the sphere after some interactions and 3 loses all its energy inside the
sphere without reaching the detector.

Every sphere responds to all energies, but with a different weight. This concept is at

the basis of the de�nition of the response matrix. The response matrix corresponds

to a set of curves, called response f unctions, representing the counts obtained in

each sphere, for unit neutron �uence, as a function of the energy. Those curves are

evaluated with Monte Carlo codes like MCNP , PHYTS and FLUKA. The one used in

this work is MCNP6.

An example of a response matrix is reported in �g. 1.16 obtained with a 6LiI(Eu) as

thermal neutron detector. Each curve in �gure 1.16 correspond to a different sphere

with the diameter reported in the label.

When a sphere is exposed to a neutron �uence�( E ) the reading M i is given by:

M i =
Z

Ri (E )�( E )dE (1.59)

where Ri (E ) is the response function of the i-th sphere. The equation can be

discretized as:
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Fig. 1.16.: Example of a simulated response matrix obtained with a 9x3 mm26LiI(Eu) as
thermal neutron detector [44]. Each curve correspond to a different sphere with
the diameter reported in the label (BS60 = 60 mm diameter).

M i =
nX

j =0

Rij � j (1.60)

where Rij is the average of the response function in the bin j and the element� j

is the �uence in the energy interval ( E j , E j +1 ). The approximation becomes more

precise as the number of groups,n, increases.

By subsequently exposingm spheres of different diameter a set ofm equations

like 1.60 is obtained and its solution provides values of � j . However, since usually

m < n , the system can be solved only either by a trial and error process or bya-priori

information. This is done in the unfolding procedure [45].

The adequate number of spheres to be used in a measurement to obtain the optimal

performance is the largest as possible, provided the shapes of the response functions

differ suf�ciently. As described by Thomas and Alevra in [46], a pragmatic way

to understand how many spheres and which diameters are useful in measuring

a neutron spectrum, consists in plotting the measured data as a function of the

spheres diameter and interpolate the points with spline curves. The correct number

of spheres is at least the one necessary to draw correctly the curve of reading against

sphere diameter. All the spectrometric information is contained in these smooth

curves. A larger number of spheres with more alike shapes of their response function

would not bring any useful information for the unfolding.
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2The Boron Neutron Capture

Therapy (BNCT)

The aim of this chapter is to explain the primary aspects of the Boron Neutron Capture

Therapy (BNCT). Given its multidisciplinary nature, spanning biology, chemistry,

pharmacology, and physics, providing a comprehensive overview within this limited

context is challenging. Thus, this section has to be intended like a general overview

of the BNCT. A deeper and more comprehensive investigation can be found in many

publications and books (e.g. [47] [48] [49] [50] [51] [52])

2.1 Introduction to the BNCT

More in general, the Neutron Capture Therapy, (NCT) is an alternative form of

radiotherapy based on neutrons with energy in the keV - tens of keV region (epither-

mal neutrons). The tumor cells are not directly killed by neutrons impinging the

patient but through a "sensitizer" agent in the form of a drug with the following

main characteristics:

• designed to reach only malignant cells;

• contains a high percentage of elements with high neutron interaction probabil-

ity or, more precisely, high neutron capture cross section;

• this neutron absorbing material produces secondary ionizing radiations due to

the neutron capture, capable of killing the surrounding malignant cells;

• the secondary particles are preferably charged particles with energy in the

order of MeV and range in the order of a few to ten micrometres in tissue. This

controlled effect con�nes the destructive impact to the targeted cells while

minimizing harm to surrounding healthy tissue.

Among the elements with highest neutron capture cross section, like3He,157Gd,
10B, 6Li or 235U, only Gd and B have been evaluated for use in NCT with some

results. 157Gd has the highest cross section (� = 255 kb), but the secondary particles,

electrons and gammas, are weakly ionising if compared to the charged particles
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produced by neutron capture in 10B: 10B(n,� )7Li. The 10B cross section is also high

and amounts to � = 3837 b [26]. Being 10B the best candidate for NCT, this type of

therapy is also called BNCT, Boron Neutron Capture Therapy. The characteristics of

the 10B(n,� )7Li interaction have been reported in section 1.6.1.

The 10B neutron capture cross section in the slow neutron domain varies with the

inverse velocity of the neutron. Thus it is desirable to minimise the neutron energy at

the tumor site. Ideally, the neutrons produced by the source should be thermalized

within the tumor site. Comparatively, BNCT diverges from radiotherapy involving

electrons/gammas and hadrons. BNCT, like hadrontherapy, is generally adequate for

tumors that are resistant to electrons and gammas. However, whilst hadron therapy

is suited for tumors well de�ned in space, BNCT operates a cell-by-cell selection as

shown in �gure 2.1. So it is suitable also for in�ltrated tumors.

Fig. 2.1.: Sketch of the nuclear and biological process at the basis of the BNCT technique

The �rst idea of BNCT dates back to 1936 [53], but it became practicable only in the

last 30 years. There are two primary scienti�c challenges currently facing BNCT:

1. the pharmaceutical challenge is designing a drug that maximizes the ratio

between the Boron concentration in the tumor and that in the surrounding

normal tissues (Boron uptake). Modern drugs achieve a typical uptake of

borated drug in the tumor site ranging between 80-90 ppm. The amount

deposited in healthy tissue is about 30% of that in the tumor, [54];

2. the challenge for neutron physics is maximizing the thermal neutron �uence

rate in the tumor location.

In particular, focusing on the last challenge, the modern techniques to verify the

neutron spectrum are still quite limited. These techniques solely measure integrated

quantities associated with the energy distribution. New and performing spectromet-

ric techniques would be very desirable. While the BSS technique (sec. 1.6.3) can

be used, limitations persist due to the large space required for the measurement.
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Therefore, quite often is extremely dif�cult (or even impossible) to use these spec-

trometers. The work of this thesis could be a solution for these problems, trying to

develop a feasible spectrometric technique for BNCT.
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2.2 History of BNCT

After the discovery of neutrons by Sir James Chadwick in 1932 [55] and the exami-

nation of the conversion reaction 10B(n,� )7Li by Taylor and Goldhaber in 1935 [56],

the fundamental principles of BNCT were theoretically established. In 1936, Locher

proposed to introduce small quantities of a strong absorber into the regions where it

is desired to release ionization energy.

Subsequently, numerous research groups around the world initiated investigations

into the potential use of neutrons for tumor treatment. Following initial explorations,

it became evident that the most promising isotope for this purpose was10B. Other

isotopes were also examined but yielded less encouraging results.

The initial experiments, conducted by Kruger in 1940 [57], involved the treat-

ment of in vitro tumor fragments with boric acid, followed by neutron exposure.

In the same year, Zahl et al. [58] replicated the experiment in vivo using mice,

and both experiments yielded successful outcomes. A decade later, the �rst clinical

applications of BNCT were conducted. As documented in [59], the history of clinical

BNCT applications can be divided into four distinct periods, and the most signi�cant

literature from those years is compiled in [60]:

1. During the period of early clinical applications in the USA spanning from

1951 to 1961, initial experiments were conducted at the Brookhaven Graphite

Research Reactor. Regrettably, these early trials did not yield successful results,

since:

• the available borated compounds did not accumulate selectively in tu-

mors;

• only thermal neutrons were available, thus producing some effect only in

super�cial lesions;

• The adverse impact of residual fast neutrons and photons on healthy

tissues resulted in an underestimation of the therapeutic ef�cacy. This

dissatisfaction within the medical community led to the discontinuation

of the BNCT program in the USA in 1961. This situation persisted until

the 1990s.

2. Pioneering efforts in Japan, led by Hatanaka and his colleagues, from 1968

to the late 1980s marked a signi�cant turning point. In 1968, Hiroshi Hatanaka

and his team introduced a groundbreaking boron compound, BSH (Na2B12H11SH),

which delivered immediate and exceptional outcomes, rekindling interest in
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BNCT. Another boron compound, known as BPA (boronophenylalanine), was

introduced in Japan in 1987 and remains in use up to this day.

3. the period of prospective early clinical trials starting mid of the 1990s and still

ongoing;

4. The utilization of accelerator-based epithermal neutron facilities is a contem-

porary development. Presently, there is a growing interest in the concept of

generating therapeutic neutrons via an accelerator-based BNCT (AB-BNCT)

facility. This design can be feasibly integrated into a hospital setting. World-

wide, numerous projects are currently underway, with the shared objective of

advancing accelerator-based BNCT facilities.

Among the numerous global projects dedicated to the implementation of AB-BNCT,

this thesis work is conducted within the framework of the ENTER-BNCT project

initiated by INFN and completed at the end of 2022.
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2.3 Physical hints for BNCT

As already mentioned, BNCT is based on the nuclear capture reaction on10B, having

a massive cross section of� = 3837 b.

The product of the reaction are two high Liner Energy Transfer (or LET) frag-

ments: an 4He and a 7Li nucleus (for more details see section 2.3.1). The deposited

energy in a generic tissues is in the order of around 160 keV/� m for the former and

around 210 keV/ � m for the latter. Since the energy of the two fragments is in the

order of 1-2 MeV the path lengths in the tissue range from 5 to 9 � m. The normal

size of a cell is around 15� m in diameter, this means that the released fragments can

induced lethal damages in the selective area where boron is localized. The minimum

concentration required to be successful is about109 � 1010 boron atoms per cell,

corresponding on � 20 � g/g of tissue [61].

The boron reaction entails the interaction with thermal neutrons. Given that the

human body primarily consists of water, it effectively moderates neutron velocities

and facilitates their capture at thermal energies. Consequently, the utilization of a

thermal neutron beam proves advantageous for the treatment of super�cial tumors.

In contrast, the management of deeper-seated tumors, approximately within the

6-8 cm range, necessitates the use of epithermal neutrons. These neutrons undergo

moderation by the surrounding tissues and water, subsequently reaching the tumor

site with thermal energy, aligning with therapeutic requirements.

Clinical interest in BNCT primarily centers on the treatment of challenging tumors,

notably those situated within the brain, such as high-grade gliomas and cerebral

metastases. More recently, BNCT has garnered attention for addressing head, neck,

and liver cancers, where conventional treatments, including surgery, chemotherapy,

and radiotherapy, have proven ineffective. The effectiveness of BNCT-induced cell

death hinges on the radiobiological properties of the radiation employed.

2.3.1 Radio-biological aspects

Radio-biology constitutes a scienti�c discipline dedicated to the examination of the

biological consequences arising from ionizing radiation exposure. These biological

repercussions represent the concluding stage within a succession of intricate pro-

cesses unfolding within the biological material. It is important to acknowledge that

all forms of ionizing radiation exert a discernible in�uence on biological systems.

During the conversion of ionizing radiation into chemical energy within the human

body, speci�c sites conducive to radiation-chemical reactions become active. In this

context, ionization and excitation events involving atoms and molecules take place
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[62].

When an ionizing radiation penetrates a medium, it releases energy in accordance

with the Bethe-Block equation. In the context of the ionization process, a parameter,

known as Linear Energy Transfer (LET), can be introduced. LET quanti�es the energy

deposited per unit path length. The International Commission on Radiation Units

and Measurements (ICRU) provides the following de�nition for LET:

LET =
dE
dx

hkeV
� m

i
(2.1)

Where dE is the average energy locally transferred to the medium by a charged

particle of speci�c energy while traversing a distance dx.

Ionizing radiation can be categorized into two distinct groups: low-LET (LET < 2),

which encompasses X-rays and gamma rays, and high-energy electrons, as well as

high-LET (LET > 2), which encompasses alpha particles, protons, neutrons, and

ions. Typical values for the most common ionization radiation are given in �gure

2.2:

Fig. 2.2.: LET values for the most used radiation. The values are obtained using track or
energy average method. [63]

To ascertain the biological effects induced by radiation, a crucial parameter is the

absorbed dose, de�ned as follows:

D =
dE
dm

[Gy] (2.2)

Being dE the expected value of the released energy in the units of massdm. The

unity of measurement is de�ned in 2.2, 1 Gy correspond to an energy deposited of 1

J in 1 kg of mass.

The heightened concentration of ionizations along the trajectories of high-LET

particles leads to an enhanced biological effect in comparison to an equivalent
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physical dose of low-LET radiation. Introducing a novel parameter known as Relative

Biological Effectiveness (RBE) proves valuable:

RBE =
Dx

D ref
(2.3)

Being Dx the absorbed dose for the radiation used andD ref is the absorbed dose of

a a reference X-rays source, producing the same biological effect. The values of RBE

for the most commonly used radiations are shown in �gure 2.3:

Fig. 2.3.: RBE of some given radiation de�ned by comparison with the 
 radiation from Ra
[64].

The de�nition of RBE is critically contingent upon a multitude of factors, including

the biological state of the irradiated tissue, the speci�c type of cells involved, and

their cell cycle phase. The behavior of RBE in relation to radiation LET is illustrated

in �gure 2.4:

Fig. 2.4.: The RBE of a speci�c radiation type is a value empirically determined and,
generally, under constant conditions, it exhibits an increase with the radiation's
Linear Energy Transfer (LET). Nevertheless, once the LET surpasses
approximately 100 keV/ � m, the radiation becomes less effective due to the
concept of overkill, where the maximal potential damage has already been
achieved. Any increase in LET beyond this point results in an unnecessary dose.

44 Chapter 2 The Boron Neutron Capture Therapy (BNCT)



In the context of a radiation therapy, both the tumor and the surrounding normal

tissue coexist, resulting in an inevitable background dose comprising high- and

low-LET radiation. Nevertheless, a higher concentration of10B within the tumor

ampli�es the total dose delivered to the tumor compared to the surrounding tissues.

Considering the reliance of biological effects on the micro-distribution of the isotope,

it becomes necessary to employ a more suitable term than RBE, known as the Com-

pound Biological Effectiveness (CBE). CBE encapsulates the biological effectiveness

factors assessed for the constituents of the dose emanating from the10B(n,� )7Li

reaction.

The introduction of the Compound Biological Effectiveness (CBE) concept is impera-

tive to elucidate the composite impacts of � -particles and 7Li ions. However, it is

essential to recognize that the experimental determination of CBE factors can be

signi�cantly in�uenced by a multitude of variables, encompassing the speci�c boron

delivery agent employed, the distribution of boron within the tumor and normal

tissues, the cell type and population under consideration, and even the size of the

cellular nucleus.

Notably, the CBE factors exhibit speci�city with respect to both the 10B delivery

agent utilized and the tissue involved. In clinical trials of Boronophenylalanine

(BPA)-based BNCT, various assumptions are employed for the calculation of the

reaction component dose in different tissue types, as illustrated in �gure 2.5 [65]:

Fig. 2.5.: CBE factors for a series of tissue and known boron concentration based on
current available human and experimental data [66],[67],[68].

2.3.2 Dose in BNCT

The goal of any radiation therapy is to eliminate tumor cells by delivering an amount

of energy that can cause lethal damage through multiple pathways.

The doses administered to both the tumor and normal tissues in the context of BNCT

result from the energy deposition of three distinct categories of directly ionizing

radiation, each characterized by differing Linear Energy Transfer (LET) values:

1. Low-LET 
 -rays: they are generated predominantly through the boron reaction

channel, accounting for 93% of cases. Additionally, gamma rays result from the
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thermal neutron capture by hydrogen atoms within normal tissues 1H(n, 
 )2H.

The absorbed dose from these gamma rays is commonly denoted asD 
 .

2. High-LET protons : they originate from the scattering of fast neutrons and from

the thermal neutron capture by nitrogen atoms 14N(n,p) 14C. The respective

absorbed doses are denoted asDp and DN .

3. High-LET � particles and 7Li ions : they are generated as a result of the

fundamental reaction involving 10B, which forms the basis of BNCT. Their role

in contributing to the absorbed dose is denoted asDB

All the absorbed dose contribute to constitute the total photon-equivalent doseDeq

[69]:

Deq = ( D 
 � DRF 
 ) + ( Dp � RBE p) + ( DN � RBE N ) + ( DB � CBE B ) (2.4)

Where D i represents the different radiation contributions before introduced and

they are weighted using a speci�c radio-biological factor. The Dose Reduction Factor

(DRF 
 ) is a measure of the radio-biological effectiveness of photons, and its value

is contingent upon the dose rate. Conventionally, it is set to 1 for a dose rate of 1

Gy/min. RBE p represents the radio-biological effectiveness of recoil protons, with

values ranging from 2 to 7, dependent on proton energies [70]. RBE N denotes

the radio-biological effectiveness of protons generated through neutrons interaction

with nitrogen, and its value spans from 1 to 8 [71]. CBE B serves as a weighting

factor for alpha particles and 7Li ions when combined with 10B, and its magnitude

�uctuates between 1 and 4, contingent upon the tissue and distribution, as discussed

before.

Ionizing radiation induces distinct types of lesions through two mechanisms, as

shown in �gure 2.6.

• Direct Effectspertain to the excitation of atoms and molecules, along with the

disruption of their chemical bonds.

• Indirect Effects, conversely, includes the generation of free radicals and ionic

fragments via the radiolysis of water. These byproducts can be harmful to the

human body, causing damage to essential macromolecules, including nucleic

acids, proteins, lipids, and polysaccharides.

In the case of high Linear Energy Transfer (LET) radiation, such as that employed

in BNCT, the most signi�cant damages primarily result from direct effects on DNA.
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Fig. 2.6.: Direct and indirect radiation damage to the DNA.[72].

These direct effects can give rise to a variety of structural DNA lesions, the incidence

of which correlates with the absorbed dose. The principal types of these lesions are

explained below and visualized in �gure 2.7:

• Single-strand breaks (SSB) refer to the rupture of one strand within the DNA

molecule. This type of lesion is readily reparable, owing to the presence of the

complementary �lament, which serves as a template for repair.

• Double-strand breaks (DSB) involve the rupture of both �laments of the DNA

molecule, constituting the most severe form of damage. These lesions include

both simple and complex types, with the latter referred to as "clustered DNA

damage." Unrepaired DSBs are the primary catalyst for cell death.

• Base damage refers to chemical alterations resulting from the disruption of

hydrogen bonds between complementary bases, interruptions in the sugar-

phosphate backbone, or disruptions in DNA cross-links.

When DNA damage can be fully and accurately repaired, the cell will proceed with

its normal life cycle. However, failure to repair such damage can trigger cell cy-

cle arrest through various mechanisms, including arrest in the G2/M phase, cell

death via apoptosis, mitotic catastrophe, or cellular senescence. More details on

cellular duplication and death processes can be found on many biology books (e.g.

[73],[74],[75],[76]).

In the context of BNCT, in vitro experiments have demonstrated that tumor cells are
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Fig. 2.7.: The primary DNA lesions are as follows, starting from the top: a) Single-strand
breaks (SSB), b) Double-strand breaks (DSB), and c) Base damage.

eliminated through cell cycle arrest and apoptosis. Further advancements in BNCT

necessitate the establishment of markers for monitoring the induced DNA damage.
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2.4 Boron carriers in BNCT

One of the primary goals in BNCT is the development of effective boron carrier

agents for successful clinical application. A successful carrier should meet at least

the following criteria:

1. Minimal toxicity

2. High tumor concentrations of at least 20 � g of 10B per gram and minimal

uptake in normal tissues, with a high tumor-to-brain (T/Br) or tumor-to-blood

(T/B) concentration ratio exceeding 3-4:1.

3. Persistent presence of 10B in the tumor during BNCT, coupled with rapid

clearance from blood and healthy tissues.

Actually, the available boron compounds do not simultaneously meet all these criteria,

but ongoing efforts are focused on developing new carriers. Several promising

carriers have surfaced thanks to advancements in chemical synthesis and a deeper

understanding of the biological and biochemical aspects of delivery, as well as

the requirements for an effective agent. The most challenging aspect is achieving

selective tumor targeting to obtain suf�cient boron concentrations for delivering

the therapeutic dose while sparing normal tissues. Actually, three distinct groups

of boron delivery agents are recognized, each with unique characteristics [77].

The following sections will give some characteristics on these different carriers

generations.

2.4.1 First and second generation carrier

The �rst generation of boron carrier consisted of boric acid and some basic deriva-

tives, which were employed as carriers in the initial clinical trials during the 1950s

and 1960s. These carriers, while chemically straightforward, lacked in selectivity

and exhibited low tumor-to-brain ratios, rendering them unsuitable for therapeutic

purposes.

The second generation of boron delivery agents emerged in the 1960s and in-

cluded two low molecular weight boron-containing chemicals. One, known as

(L)-4-dihydroxy-borylphenylalanine or BPA, is based on arylboronic acids [78], while

the other is sodium mercaptoundecahydro-closo-dodecaborate, often referred to as

BSH, based on a recently discovered polyhedral borane anion [79]. In �gure 2.8

their chemical structures are shown.
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These second-generation compounds exhibited low toxicity, had longer persistence

in animal tumors compared to related molecules, and featured T/Br and T/B boron

ratios exceeding 1. However, they are not free from limitations. In particular, BSH

displayed a high tumor-to-normal (T/N) ratio but had weak accumulation in tumor

cells, while BPA accumulated well in tumor cells but had a low T/N ratio [80].

Fig. 2.8.: Structure of the second generation boron carrier [81].

2.4.2 Third generation carrier

Recognizing the limitations of BPA and BSH as boron carriers, extensive efforts have

been focused into the development and synthesis of third-generation compounds.

These compounds primarily comprise a stable boron group or cluster, connected

via a hydrolytically stable linkage to a tumor-targeting component. This targeting

part often involves low molecular weight biomolecules or low molecular weight

monoclonal antibodies. This third generation includes various derivatives of BPA

and other boron-containing amino-acids, including glycine, alanine, aspartic acid,

tyrosine, cysteine, and methionine, as well as non-natural amino-acids. These

compounds offer the potential to deliver higher concentrations of boron to tumors

without an accompanying increase in toxicity. Generally, they exhibit enhanced

speci�city for tumor cells, the nuclei of tumor cells, and the DNA within tumor cells,

potentially reducing the required concentration of boron compounds for effective

BNCT. Compounds like GB-10 or N5-2OH have demonstrated low toxicity and are

considered promising candidates for clinical evaluation, as shown in �gure 2.9

Currently, only BPA and BSH are employed in clinical applications. Consequently, in

addition to the quest for new boron carriers, there's a parallel need to enhance the

dosing and delivery of BPA and BSH [65].
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Fig. 2.9.: Third generation boron carriers structure [82].
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2.5 Neutron sources for BNCT

The purpose of this section is to provide further details on the type of neutron

sources used for BNCT applications. There is a signi�cant effort within the scienti�c

community to expand the range of usable source types while concurrently developing

facilities that are more readily accessible and adaptable to clinical requirements.

A general discussion on neutron sources has been provided in the dedicated section

1.1.1.

There are two main manners to generate neutrons for BNCT. Initially, nuclear

reactors were used. Thanks to efforts from researchers worldwide, signi�cant

progress has been made in developing, making, and testing new low-energy light

ion accelerator-based neutron sources (ABNSs).

They come with several bene�ts when compared to reactor facilities. First, the

accelerator can be easily switched off when neutron production is not required.

Plus, they don't rely on critical reactions with �ssile materials, making licensing and

regulation simpler. ABNSs are versatile because they can use various reactions to

produce different types of neutrons. A single accelerator can create different types

of neutron �elds, which can be customized for a patient's tumor. Moreover, building

these facilities costs less than establishing a reactor system, and they can be set up

in a hospital, often as an addition to an existing radiotherapy room.

2.5.1 Fission reactors

Clinical use of BNCT initially relied on facilities based on �ssion reactors. Several

reactors known for their high-quality neutron beams have been developed and are

currently in operation.

The fundamental characteristics of these reactor-based sources have been previously

discussed in section 1.1.1. There are two distinct approaches for the conversion

of reactors into BNCT facilities. The �rst approach, commonly referred to as the

direct method, involves moderating neutrons to obtain thermal energies within the

reactor's cooling medium, typically water and consequently extracting the beam in

the thermal column.

Many reactors use this type of approach as the one in Finland called FiR1. A scheme

of the clinical application of the Finnish facility is given in �gure 2.10 [83].
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Fig. 2.10.: The BNCT facility at FiR 1 nuclear research reactor. The epithermal (0.5 eV - 10
keV) neutron �uence rate is 1.1 �109 cm� 2s� 1 at the exit plane using a 14 cm
diameter collimator at 250 kW power. It started operation in 1962, and it was
permanently shut down in 2015.

The second, or indirect, approach involves the utilization of a �ssion converter plate

positioned adjacent to the moderator assembly. In this method, neutrons coming

from the reactor core induce �ssion reactions, thereby generating a neutron beam.

The MITR reactor is an exemplar of this approach. Operating at 5 MW, it possesses a

higher power output compared to other reactors. Nevertheless, treatment times are

relatively brief due to the utilization of the converter. A schematic representation of

this system can be found in 2.11 [84].

Fig. 2.11.: The schematic diagram of the Massachusetts Institute of Technology Reactor
(MITR) displays the �ssion converter-based epithermal neutron irradiation
(FCB) facility, situated within the MITR's experimental hall, and functioning
concurrently with other user applications. The in-air epithermal neutron �uence
rate registered was 6.2�109 cm� 2s� 1 at the patient position when employing a
12 cm collimator.
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Since the high maintenace costs and the radio-protection rules, most BNCT reactor

in the worldwide are being shutting down and more efforts are focused on the

development of accelerator-based neutron sources.

2.5.2 Accelerator-based facilities

In recent years, accelerators facilities have been also used to generate neutrons, and a

range of Accelerator-Based Neutron Sources (ABNS) is presently under development

in various countries. These ABNS systems differ in terms of the accelerator type

selected and the target and reaction mechanisms employed for neutron production.

A concise overview of the present status of the diverse accelerators designated

for Accelerator-Based BNCT (AB-BNCT) facilities worldwide is presented in �gure

2.12:

Fig. 2.12.: Current status of the AB-BNCT facilities worldwide. Data displayed comprise
institute and location, type of machine and its status, proposed target and re-
action, beam energy and highest neutron energy, actual or necessary beam
intensity and references [85].

Accelerators come in various types, including electrostatic linear accelerators, cy-

clotrons, and RF electrodynamics machines. They also differ in terms of the materials

used to produce neutrons. Designing these target materials requires balancing con-

siderations of neutronics, mechanics, and termodynamic consideration.

Different charged-particle reactions for neutron production in Accelerator-Based

BNCT (AB-BNCT) are listed in 2.13.
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Fig. 2.13.: Characteristics of four charged-particle reactions considered for AB-BNCT
including energy threshold (Ethr ) and some bombarding energies (Ein ). The
total target neutron production is reported and the associated percentage for
which the maximum neutron energy is less than 1 MeV. The target melting
points are also listed [86] [87].

One notable endothermic reaction is the7Li(p,n) 7Be reaction, which has a Q-value of

-1.644 MeV and a proton threshold energy of 1.880 MeV. At this energy, the resulting

neutrons is characterized by about 30 keV kinetic energy, making them suitable for

BNCT. Unfortunately, the mechanical and chemical properties of lithium make it

less than ideal as a target material. While there have been proposals for Liquid

Lithium-based targets for BNCT [88], their high cost has limited their development

to research prototypes.

In the context of hospital-based BNCT, alternative neutron-producing reactions

are favored. Examples include reactions involving Carbon and Beryllium, table 2.13.

These materials exhibit superior thermal and mechanical properties compared to

Lithium; however, they result in higher neutron energies. Consequently, moderation-

based Beam Shaping Assemblies (BSAs) are essential to reduce neutron energy and

shape the beam spatially [89].

A schematic representation of an accelerator-based BNCT system can be observed in

�gure 2.14. The accelerator-based BNCT system has been successfully implemented

in medical institutions. For example, the installation process commenced at the

Institute for Integrated Radiation and Nuclear Science at Kyoto University (KURNS)

in June 2008 was completed in December 2008. However, it's important to note

that these systems have not yet received approval from the Pharmaceuticals and

Medical Devices Agency (PMDA), a Japanese regulatory authority, and are currently

undergoing clinical trials [90].
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Fig. 2.14.: Schematic view of the accelerator-based BNCT system by courtesy of Sumitomo
Heavy Industry Ltd. 2008. It consists of a cyclotron-type accelerator that
produces a proton beam of' 2 mA at 30 MeV, beam transport system, beam
scanning system on the beryllium target, target cooling system,
neutron-beam-shaping assembly, multileaf collimator, and an irradiation
position for patients [90].
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2.6 The ENTER_BNCT project

As previously mentioned, the effort focused on BNCT involves many countries and

Italy is actively engaged in advancing BNCT research. The ENTER_BNCT project,

in collaboration with INFN (Istituto Nazionale Fisica Nucleare), was dedicated to

the development of BNCT technologies to facilitate the progress of accelerator-

based BNCT. ENTER_BNCT involved four INFN units: Pavia, Turin, LNL (National

Laboratories of Legnaro), and LNF (National Laboratories of Frascati). The principal

goals of this project were:

• Production of a newly designed, ef�cient beryllium target to produce neutrons

through the reaction 9Be(p,n)9B;

• Construction and characterization of the Beam Shaping Assembly (BSA) made

up of a new material developed in the previous project BEAT_PRO [91]);

• Development of systems for diagnosis, quality assurance, spectrometric and

dosimetric evaluations in beam and in phantom;

• Preparation of the irradiation room, study of the patient positioning systems,

radioprotection issues and possible technologies to be used;

• Boron concentration measurements for clinical application (evaluations in the

blood to determine irradiation time) and intra-cellular evaluation of boron

distribution to calculate dosimetric parameters.

Building upon the group's expertise in neutron spectrometry, this study aims to

develop an advanced neutron spectrometer for beam and, eventually, in phantom

control in Boron Neutron Capture Therapy (BCNT). The key objectives, as per IAEA

guidelines [92], involve achieving portability, high sensitivity in the typical energy

range of BNCT neutrons (epithermal), and operational usability.
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2.7 The ENTER_BNCT facilities

This section aims to provide a brief description of the facilities made available by

the different groups involved in the ENTER_BNCT project. It is not intended to be

an exhaustive explanation of the various facilities and their operation but rather

an overview to better understand the experimental measurements presented in this

manuscript.

For a more in-depth understanding of the different sources, please refer to [93],

[94], [95],[96],[97],[6],[98].

2.7.1 The e-LiBaNS facility

The term e-LiBaNS denotes theelectron Linac AcceleratorBasedNeutron Source.

This facility utilizes a reconditioned Elekta Precise 18 MV accelerator, presently

located at the Physics Department of the University of Torino.

Originally designed for clinical radiotherapy, this accelerator is capable of delivering

beams of both electrons and photons on an energy range from 5 MeV up to 18 MeV.

The utilization of a commercial accelerator guarantees operational stability and

reproducibility.

Neutron production occurs within a converter target, coupled to the accelerator

head, and it intercepts the intense X-ray beam emitted by the LINAC. The neutrons

production results from the interaction of high-energy photons with the nuclei of

the target material through the ( 
 , n) reaction.

As already shown in section 1.4.1, this reaction manifests a photon energy threshold,

linked to the binding energy of neutrons, typically ranging from 6 to 8 MeV for high

atomic number (Z) elements. Certain elements such as Pb and W exhibit a high (
 ,

n) cross-section value, approximately 600 mb, while photonuclear processes often

being negligible in lighter materials. The emitted neutrons are characterized by an

energy around 1 MeV, featuring a characteristic evaporative spectrum.

Two different setups have been designed to produce thermal and epithermal neu-

trons. These setups include a heavy metal conversion target for neutron generation

and a moderator volume embedded in large re�ector blocks to slow down neutrons

to thermal or epithermal energy.

The con�gurations have been optimized to maximize thermal or epihtermal neutron

production while minimizing the presence of fast neutrons and gamma contaminants.

The gamma background arises from primary unconverted photons and photons re-

sulting from neutron capture processes in the moderator. Material selection was
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a careful process, considering factors like cross-sections, mechanical properties,

material availability, and radiation protection. The optimization work involved an

extensive Monte Carlo simulation study using MCNP.

A brief description of the two different con�gurations is presented below:

• Thermal Mode

For this modality, the photoconverter is composed by a lead block serving as

a conversion target, which also absorbs unconverted photons from the X-ray

beam. The lead block is enveloped by an external graphite structure that

works as re�ector and moderator. The central core, consisting of heavy water

contained in carbon boxes, serves as the primary moderator. Heavy water is

particularly advantageous due to its minimal neutron capture probability and

high elastic cross-section, facilitating effective neutron slowing down.

Within the graphite structure, a cavity is formed, providing a thermal neutron

�eld for sample irradiation. To prevent the diffusion of thermal neutrons in the

experimental room, the entire structure is enclosed in a 0.8 cm thick borated

rubber shield, surrounded by thin polyethylene slabs. The cavity dimensions

are 30 × 30 × 20 cm 3, while the overall assembly volume is approximately 1

m3, weighing around 1 ton.

Figure 2.15 shows the geometry scheme for this con�guration.

• Epithermal Mode

The structural design of the epithermal photoconverter is, in some way, similar

to the previous one, with notable distinctions dictated by the necessity to retain

neutrons within the epithermal energy spectrum and eliminate the thermal

neutron component within the cavity. To achieve this objective, an assembly

including aluminum and polytetra�uoroethylene (PTFE) is situated in the

central core, accompanied by a Cadmium metallic layer shielding the cavity.

The resonances in the fast neutron range and a �at minimum in the epithermal

region, coupled with a very low absorption probability, characterize the large

resonances in the Al and F neutron inelastic scattering cross sections. This

property allows fast neutrons generated in the target to undergo scattering

processes, transferring part of their momentum without immediate thermaliza-

tion or capture.

The strategic alternation of Al and PTFE layers in the appropriate proportions

simulates the behavior of a composite material. Given the massive thermal

capture cross section for Cadmium, a thin layer (0.5 cm) around the faces of

the cavity of proves suf�cient to shield against thermal neutrons.

Figure 2.16 shows the geometry scheme for this con�guration.
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Fig. 2.15.: MCNP6 scheme of the thermal photoconverter geometry (longitudinal view)
[95].

Fig. 2.16.: MCNP6 scheme of the epithermal photoconverter geometry (longitudinal view)
[95].

The neutron �elds inside the experimental cavity of the thermal and epithermal

photoconverter have undergone accurate characterization through various measure-

ment techniques. The neutron energy spectra have been measured using a calibrated

Bonner Sphere System (BSS).

The spectrometric system underwent prior calibration, as detailed in [99]. To derive

the energy spectra from the detector counts, an unfolding procedure was imple-
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mented, relying on the FRUIT unfolding code in Special Gradient Mode [2]. The

experimental curve, for the thermal cavity, is shown in �gure 2.17 with the simulated

curve generated by MCNP6.

Fig. 2.17.: Neutron energy spectrum measured in the thermal photoconverter cavity. Circle
and square points indicate the unfolded data and the MCNP6 prediction,
respectively. The spectra are normalized to unit �uence.

The �uence rate within the cavity exhibits a linear dependence on the LINAC current.

At the reference work condition of the LINAC (400 MU/min), the benchmark value

for the thermal neutron �uence rate at the center of the thermal irradiation cavity

has been determined through gold activation foils. It should be noted that 1 MU

(Monitor Unit) corresponds to the amount of radiation necessary to deliver 0.01 Gy

at the build up in a standard solid water phantom at 100 cm from the LINAC target.

The measurements provided a value for thermal �uence rate at the reference working

value of:
_� w(th) = (1 :46� 0:10)1 � 106 cm� 2 s� 1 (2.5)

The experimental curve, for the epithermal cavity, is shown in �gure 2.18 with the

simulated curve generated by MCNP6.

1Unless otherwise speci�ed, � u indicates an uncertainty of 1.96 � , corresponding to a 95% con-
�dence limit . While (u) indicates an uncertainty of 1 � , corresponding to a 67% con�dence
limit
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Fig. 2.18.: Neutron energy spectrum measured in the epithermal photoconverter cavity.
Blue points represent the MCNP6 prediction, while the orange points indicate
the unfolded data. The spectra are normalized to unit �uence.

The measurements provided a value for the epithermal �uence rate at the reference

working value of:
_� w(epi) = (9 :32� 0:68) � 104 cm� 2 s� 1 (2.6)

The employed notation, with the subscript "w" refers to the Westcott formalism, as

discussed in Section 1.3.5.

Figure 2.19 shows a picture of the LINAC facility with the thermal photonverter.

Fig. 2.19.: External image of the e-LiBaNS facility. The grey structure is the thermal
photoconverter.
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2.7.2 The HOTNES facility

HOTNES, which stands forHOmogeneousThermal NEutron Source, is a thermal

neutron facility developed through collaboration between INFN-LNF and ENEA-

Frascati. The design of HOTNES was optimized utilizing the MCNP Monte Carlo

code. A schematic representation of its structure is depicted in �gure 2.20. In

accordance with �gure 2.20, the facility is based on a 241Am-Be neutron source

(1.1.1) with a nominal activity of 3.5 �106 Bq.

Fig. 2.20.: Lateral section of the HOTNES facility. 1) Am-Be source. 2) High density
Polyethylene (HDPE) shielding. 3) HDPE insert. 4) HDPE removable cover. 5)
Irradiation volume.

The neutron source is positioned at the base of a cylindrical cavity measuring 30 cm

in radius and 70 cm in height, with polyethylene walls, �oor, and ceiling de�ning

its boundaries. The source emits isotropically, and neutrons traverse the cavity,

undergoing multiple scattering interactions with the polyethylene shields before

reaching the designated irradiation volume.

As the distance from the source increases, scattering events lead to a reduction in

neutron �uence. A polyethylene shadowing bar separates the irradiation volume

from the source, preventing fast neutrons from reaching the irradiation volume and

resulting in an enhanced thermal neutron �uence. The combined effects of the

shadow bar and lateral walls create a thermal neutron �eld of approximately 90%

purity. The irradiation volume has dimensions of 40 cm in height and 30 cm in

diameter, with a 5 cm thick polyethylene cover sealing its top.

The irradiation volume is conceptually divided into an in�nite series of disks, form-

ing irradiation planes along the cylindrical axis and parallel to the facility's bottom.

These planes can be treated as "iso-�uence surfaces" due to their uniform thermal
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�uence values across their entire area. Each plane is identi�ed by its height in

centimeters from the cavity bottom. By precisely understanding the vertical �uence

gradient, one can choose a speci�c �uence value by adjusting the vertical position

within the cavity. The HOTNES reference point is conventionally designated as the

center of the irradiation plane situated at Z = 50 cm, corresponding to the midpoint

of the irradiation volume.

In this point the thermal neutron �uence rate is equal to:

_� = (763 � 22)cm� 2 s� 1 (2.7)

This value was obtained using the Au activation foil method.

The neutron energy spectrum at the reference point has been accurately simu-

lated and measured. In �gure 2.21 the comparison between MCNP simulation and

unfolded measurement is shown. As mentioned before, the spectrum is dominated

by the thermal component, with a low epithermal tale and a residual peak in the

fast region (1-10 MeV).

Fig. 2.21.: HOTNES neutron spectrum at reference point at 50 cm from the bottom. Dotted
points refer to measurements data.

In �gure 2.22 an image of the HOTNES facility is shown. At the top of the image the

HDPE can be shown.
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