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Introduction

The concept of Boron Neutron Capture Therapy (BNCT) was first introduced four years
after the discovery of the neutron' by G.L. Locher, a biophysicist of the Franklin Institute
at Pennsylvania [26]. The technique is based on the reaction '°B(n, a)’Li ? which has a
cross section of 3842b at thermal neutron energies as it is shown in Figure 1.

The a particle and the recoiling ‘Li nucleus arisen from the capture, are high linear
energy transfer (LET) particles. The range of these particles in tissue equivalent materi-
als is shorter than 10 um. This means that, if there is boron inside the cell, the particles
produced by the neutron capture will deposit approximately all their energy inside the
cell. Therefore, in order to have a therapeutic effect from BNCT, it is important to obtain
a high concentration of boron inside the tumor and a much smaller one in the normal
tissues. This can be achieved by using particular molecules that are able to convey boron
atoms selectively in the tumor cells, exploiting active or passive absorption mechanisms.
In order to assess a proper treatment plan, that is to deliver an effective irradiation with a
substantial sparing of the healthy cells, it is necessary to know the boron concentration in
each kind of irradiated tissue. In BNCT research many methods are used to measure boron
concentration in biological samples. The most common one is Prompt Gamma Neutron
Activation Analysis (PGNAA)[30, 39], a radio-analytic technique which exploits the 0.478
MeV v ray that is emitted from the excited "Li in 93.9% of the capture reactions. With a
facility dedicated to BNCT, it is usually possible to measure few ppms of 1°B in relatively
large samples (0.5 cm®) with irradiation times of some minutes. Anyhow, to measure low
boron concentrations in small samples it is necessary to increase the measurement time.

This technique is limited by the relatively high dimensions and the heterogeneity of the

11932 by J. Chadwick, Cambridge University
2The boron neutron capture in more detail:

Lita ELi =1.01MeV; E, = 1.78 MeV (6%)

Vgin = .
“Li* + @ +7(0.48MeV) Ey; =0.84MeV; E, = 1.47MeV (94%)
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Figure 1: Neutron capture cross section of >He, ®Li and 1°B.[48]

analyzed samples. In this case, the concentration that is obtained from the measurement
procedure is an average value that cannot represent the uptake of the various cell fractions
of the sample, such as viable tumor cells, healthy cells, necrosis, fibrosis and so on. The
same problem is shared by other measurement methods such as ICP-AES (Inductively-
Coupled Plasma-Atomic Emission Spectrometry), which allows measuring concentrations
in the range 0.2-70 ng/g [36].

In brief, almost all boron analysis methods in biological samples are based on the
19B(n, a)” Li nuclear reaction. Thus, alpha and lithium particles as well as the y-rays re-
leased by the induced nuclear reaction are used for boron detection. The analysis can be
done by various techniques like spectrophotometry, atomic spectrometry, radio-analytical
methods and imaging techniques. In Pavia the techniques to detect boron are the Alpha
Spectrometry® [1, 15](AS), and quantitative neutron capture radiography (QNCR). The
imaging technique of QNCR is used for microscopic analysis of cell cultures and tissue
cryosections. This autoradiography method detects the ionizing radiation of the boron
neutron capture by registering the tracks on sensitive films. For QNCR, thin layers of cell
cultures or tissue cryosections must be prepared. Then, these sections are mounted on
charged particles sensitive films, irradiated in thermal neutron fluences and etched. For

quantization, the tracks are scanned under a microscope and their density is related to a

3The Alpha Spectroscopy is a macroscopic boron measuring technique, where thin slices of tissue sam-
ples are irradiated in front of a Silicon detector that collects the charged particles produced by neutron
interaction in the tissue. The spectrum is then analyzed and the boron content calculated.
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calibration curve obtained by irradiating standard samples with known amounts of boron.
The development of this technique will be discussed extensively in the following chapter
of the thesis. One of the reasons of the implementation of QNCR in Pavia is to have an al-
ternative to AS, that cannot be exploited to measure liquid samples because the irradiation
must be performed under vacuum. Before being used as routine measurement method for
all the samples, the results obtained by QNRC and AS must be accurately compared. Re-
cently an international experiment is being performed on samples coming from CNEA,
thanks to a collaboration with a group working at CAC (Centro Atomico Costituyentes,
Buenos Aires) where also ICP-AES technique will be applied on the same samples. This
method is based on an induced coupled plasma that produces excited ions which emit
electromagnetic radiation at wavelengths characteristic of a particular element, allowing
quantifying the the amount of a certain atom inside the analyzed sample.

This thesis if focused on the measurement of !°B concentration in biological materials,
in particular in Osteosarcoma cell samples obtained by culturing cells from UMR-106 line
in presence of boronated substances. Different boron carriers were studied to test their
ability to concentrate boron inside the tumor cells. Osteosarcoma is a tumor that still
represents a challenge due to its high malignancy associated to the fact that it is most
frequent in children and young population.

Osteosarcoma is the most frequent kind of primary bone tumor[46]. It is a malignant
tumor of connective tissue within which the tumor cells produce osteoid cells. The statis-
tical distribution of this tumor with age is roughly parallel to skeletal growth. Therefore it
is most frequent in late childhood or early adolescence, reaching a peak of incidence of 25
cases per million persons at the age of 15 years[46]. On average, malignant bone tumors
account for 3-5% of cancers diagnosed in children under 15 years of age[33] and 7-8% of
those in adolescents aged 15-19 years in western populations[38]. Taking into account a
5-year survival rate, adolescents have a lower survival rate than children. Moreover, bones
having the fastest rates of growth, such as the limbs bones, have the highest probabil-
ity to be hit. When osteosarcoma appears much earlier than the second decade, or after
the cessation of the skeletal growth, it is often associated with other osseous abnormali-
ties, that can be due to genetic predisposition or can be correlated to ionizing radiation
exposure[24]. Osteosarcoma is characterized by an infiltrative growth and lack of cleavage
planes between healthy and neoplastic tissue. Both features act as important risk factors
for local recurrence because they introduce a difficulty in the total removal of the malig-
nancy during the surgery([16].

A common feature of osteosarcoma is the predisposition to produce variable amounts
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Figure 2: A, Lateral radiograph of the distal femur demonstrates typical radiographic fea-
tures of osteosarcoma. Radiodense, cloudy bone lies within an ill-defined radiolucency
of the femoral metadiaphysis. The arrows delimit a very large soft tissue mass contain-
ing bone matrix. B, Lateral radiograph in a different case demonstrating a very large ex-
traosseous, radiodense mass that contains extensively interrupted periosteal “streamers,”
forming a “sunburst” periosteal reaction[24].

of cartilage matrix and fibrous tissue. Sometimes, the growth of the cartilage matrix and
the fibrous tissue dominates the expansion of the tumor tissue. In these cases it can be
a challenge to make the right diagnosis. Symptoms can vary from patient to patient, al-
though the most frequent is pain, which can persist for weeks or months. On the other
hand, the most common visible manifestation is a solid inflamed mass, that can cause the
loss of function of the associated limb. Any of these symptoms should be cause of further
clinical investigation. In most instances the diagnosis can be made from conventional
radiographies, as shown in Figure 2.

Osteosarcoma can give rise to lung metastases, usually about 2 years after the first di-
agnosis, and this fact lowers sensibly the 5-years survival rate. A bad prognosis is very
probable also in case of local reoccurrence of the tumor. Prior to 1970, amputation was the
only surgical treatment available for osteosarcoma, and 80 % of patients died of metastatic
disease mainly of the lungs [27]. These historical cases led to the conclusion that more
than 80 % of patients without radiologic evidence of metastases at diagnosis had subclin-
ical micro-metastases. This assumption was the basis for the adoption of chemotherapy

protocols over the past four decades, which have led to a significant increase in the overall
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survival rate [29].

With the introduction of adjuvant chemotherapy the 5-years survival rate was increased
to 60%, although the cure rate is about 30%[34, 21, 13]. Adjuvant chemotherapy allows
the neutralization of microscopic tumor masses left after the surgery, thus decreasing the
probability of local recurrence or metastasis. Moreover, osteosarcoma is a radioresistant
tumor and the conventional radiotherapy is used only for palliative purposes, although lo-
cal irradiation with high doses in one fraction have been administered in some clinical tri-
als [32, 47]. The result of the treatment, with chemotherapy and surgery, of non-metastatic
osteosarcoma has reached a plateau. The 5 year disease free survival of = 65% can be ex-
pected. There is a need of new active drugs, but at the same time, different approaches to
the disease have to be planned [17].

For all these reasons, there is place for a research dedicated to find and validate a new
therapeutical approach to improve the clinical outcome of osteosarcoma. The selective
targeting of tumor cells achievable by BNCT could be a valid option. Anyway BNCT would
not be necessarily an alternative to surgery and chemotherapy, but an adjuvant treatment
able to inactivate the tumor cells surviving the standard treatments and potential cause of
recurrence and metastasis. Thanks to this possibility, the surgery itself may be less aggres-
sive, with a substantial improvement of the patients quality of life.

Our expectations for the future are to improve the treatment of osteosarcoma with the
alternative or integrative use of BNCT. This goal can be achieved with some adjustments in
the administration ways of the boron carrier or by the use of new boronated compounds,
in a way to meet the therapeutic requirements and hence offer a new curative option to a
highly malignant disease.

The development of new boronated compounds effective in conveying '°B atoms in-
side OS cells would help for the fulfillment of the objectives. It is in fact a common opin-
ion among the BNCT scientific community that BNCT will be a routine treatment when
new substances, more effective in the selective targeting of tumor cells, will be developed.
To date, only two drugs have been used in clinical trials, boronphenylalanine (BPA) and
sodium borocaptate (BSH).

In Figure (3) the BPA molecular structure is schematized. This drug is clinically used in

BNCT since, till now, it has shown the best application characteristics? [4]; it is absorbed

A good bornonated carrier should have the following characteristics: low toxicity for healthy tissue but
high for tumor cells, an high selective absorption inside neoplastic tissue with an uniform distribution of
the drug, the concentration inside the tumor mass should be = 20-30 pg/g, the biological half-life of the
drug should be short to achieve a rapid clearance from the blood and healthy tissue and as opposite the
persistence inside the tumor should be long. Moreover the drug shouldn’t be too hydrophobic nor too lipo-
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Figure 3: Molecular structure of boronphenylalanine. It's molecular structure is formed by
a boron atom bound with an amino acid called phenylalanine.

by the cells through an active process and selectively internalized in tumoral cells [52].
The selectivity of BPA is one of the major advantages, since it permits to spare healthy
tissue during the BNCT treatment. The uptake of BPA in the tumor is promoted by the
increase of amino acid transport through the membrane of the tumoral cell. Although it is
the most widely used BNCT drug [28] its major disadvantage is the low solubility in water,
which is due to hydrogen bonds that tend to aggregates BPA into a crystalline structure
[45]. Moreover higher concentration ratios between tumor and healthy tissue would allow
shorter and more effective neutron irradiations.

The issues of finding a new drug and exploring the potentiality of BNCT for osteosar-
coma are being addressed in Pavia by in-vitro and in-vivo studies. The work of this thesis
was performed in the frame of a FIRB project ( Futuro in Ricerca) funded by Italian Min-
istry of University and Research, dedicated to the feasibility study of BNCT application to
limb osteosarcoma, mediated by new boron carriers developed at the University of Flo-
rence. In particular, the first measurements of boron uptake in osteosarcoma cells cul-
tured in presence of different boronated substances were performed. The method mostly
used to measure boron in tissues and cell cultures in Pavia is alpha spectrometry together

with qualitative imaging by neutron autoradiography. In order to measure also liquid sam-

phobic so to facilitate the penetration inside the cellular membrane.
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ples, a new quantitative technique based on neutron autoradiography was set-up. Solid-
state nuclear track detector (SSNTD) called CR-39 °® were used for this purpose. The sci-
ence of SSNTD was born in 1958 when D.A. Young discovered the first tracks in a crystal of
LiF [53], produced by the fission fragments of uranium that had damaged the crystal. The
damaged regions are more active than the surrounding undamaged areas if exposed to a
chemical attack. Therefore, by opportunely etching the SSNTD, the track dimensions in
the etched material are opportunely increased and become visible. The map of the tracks
is acquired by a microscope connected to a computer and the tracks are then counted
using specific software.

This thesis is divided into 6 chapters: the first one is dedicated to the description of the
autoradiography technique, the second to the material and methods used to achieve the
optimal working conditions, while the third chapter deals with the calibration performed
by standard tissue and liquid samples. In the fourth chapter the obtained calibration is
then used to calculate the amount of boron in cell samples treated with different boron
carriers, chapter five is dedicated to Monte Carlo calculations®, finally in the sixth chapter
conclusions and future developments are proposed. For a better comprehension of the
text, it is pointed out that all the experimental values and their errors are expressed in the
gaussian form : v + o where v is the mean of the gaussian distribution and o its standard

deviation.

5The CR-39 SSNTD was discovered by Cartwright et al.[11]. It is based on polyallyldiglycol carbonate
6A summary on the SRIM simulating technique can be found in Section (5.2).



Chapter 1
The Neutron Autoradiography

The neutron autoradiography is a non destructive technique that allows verifying the pres-
ence of nuclei like Li, B, N, O in samples deposited on the detector. It is also used to point
out defects in materials. Our goal was to measure the concentration of 1°B inside samples
of biological materials that can be solid (tissues or cells) or liquid (urine, blood). The neu-
tron capture on '°B produces directly ionizing particles, which are detectable by a sensi-
tive film where the sample is directly deposited. This method is known as neutron induced
autoradiography. During the irradiation, ionizing particles are produced like: photons, e’,
e’, p, @ and heavy charged ions. Hence, the film used as detector should be sensitive only
to the radiation of interest.

The limit of this technique is the thickness of the sample that can be studied, which
is proportional to the range of the particles that must be detected. Anyway, this can be
an advantage since there is no need to use a collimated neutron beam. The thermal col-
umn of the Triga Mark II reactor is an excellent place for the autoradiography of biological
samples, in fact they can be irradiated in an uniform thermal neutron field. The common
neutron capture reactions and their characteristics are summarized in Table 1.1.

After the irradiation, the films must be etched in order to visualize the tracks produced
by the ionizing particles in the detector. The etching parameters determine if different
particles can be recognized on the basis of the dimensions of the tracks.

The autoradiography was used to analyze the concentration of 9B inside the cell sam-
ples, obtained with different boron carriers. As the charged particles involved are protons,
alpha and lithium ions, it was necessary to study how the tracks are formed inside the
sensitive film, depending on the type of particles and on their energy as a function of the
etching time. The track formation inside a SSNTD is based on the fact that heavy charged

10
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Nuclear Cross section Emitted particles Q Value
. (barn) Type Proportion Energy
reactions (MeV)
Enp =25meV (%) (MeV)
3
H 100 2.73
%Li (n, @) °H 954 o 100 505 4.8
Li 6 1.78
108 (n, @) 7Li 3842 7‘1’; 964 (l)'gi 2.8
a 94 1.47
v 14 e 100 0.042
N (n,p) 1*C 1.75 P 100 0.584 0.63
17 14 4c 100 0.404
O (n,a) **C 0.23 “ 100 1.410 1.8

Table 1.1: Possible reactions that can be seen by the neutron capture radiography (NCR).
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particles cause extensive ionization when they pass through a material !.

An alpha particle ionizes almost all molecules close to its path. This primary ionizing
process triggers a series of new chemical processes that result in the creation of free radi-
cals and other chemical species. These species are grouped along the path of the charged
particle, and this damaged zone is called a latent track.

If a piece of material containing latent tracks is exposed to some chemically aggressive
solution, chemical reactions are more intense along the latent tracks. Aqueous solutions of
NaOH or KOH are the most frequently used chemical solutions employed for this purpose.
The overall effect is that the chemical solution etches the whole surface of the detector, but
with a faster rate in the damaged region. In this way, a hole in correspondence of the track
is formed, and it can be seen under an optical microscope. This procedure is called “detec-
tor etching” or track visualization, and the effect itself is called the “track effect”. Only the
dielectric materials show the track effect, since in conductors and semiconductors mate-
rials the recombination dominates and the tracks are unstable, thus preventing their clear
visualization.[19].

The track effect inside a SSNTD is relatively straightforward. Even if there are many
theories explaining the track formation mechanism, the damaging of the material can be
basically reconstructed by describing the different stages of the particle interaction with
the material. The first stage is known as “physical” phase, which lasts a few picoseconds.
At this time, while slowing down, the primary ionizing particle creates ionizations and
excitations close to its path. The secondary particles produced also deposit their energy
and generate a series of other excitation and ionization. Some of these may go further
away from the initial particle path creating the so-called delta rays. Excluding the delta
rays, most ionizations and damaged molecules are created close to the particle track.

The second stage is the “chemical” phase, which lasts few microseconds. During this
period of time the damaged area, where the particle has crossed the SSNTD, gets back to
chemical equilibrium. The excited molecules interact to produce new chemical species,
producing an inhomogeneity in the material, where the etching solution interacts in a
stronger way compared to the undamaged detector areas. However, it is difficult to say
which chemical species are produced and the nature of the damage is not entirely known,
although some theories have been developed in order to understand these processes|3].

The track structure inside the material depends on the type of the particle and on its

For example: an alpha particle with 1.5 MeV creates about 40.000 ion pairs in tissue equivalent material.
Since the range of those alpha particle is about 10 um it means that 4 ion pairs on average are created per
nanometer..
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energy. The only particles that can produce a track in the SSNTD are heavy charged par-
ticles, that interact mostly through the Coulomb force with the electrons of the material.
The collisions with the atomic nuclei and the loss of energy through bremsstrahlung or
Cherenkov radiation can be neglected. Taking into account only the interactions with the
atomic electrons, it is known that for every excitation the primary particle looses on aver-
age = 30 eV [31], that is 107° to 107° times the particle energy (assuming that the particle
is in the MeV region). Thereafter, the slowing down of the particle can be considered as
continuous, and it can be described by the stopping power %, where dE is the energy
lost in the distance dx. The first expression of the stopping power was given by Bohr [7]
and was a classical treatment of the particle interaction with a free electron, taking into
account an impact parameter and the classical radius of the atom. Later on, the stopping
power expression was modified, firstly by Bethe [5], who introduced the quantum effects,
and in a second moment by Bloch, who added the relativistic effects [6]. Hence, the final

well-known Bethe-Bloch expression for the stopping power was given as:

—@:ﬂ nM—ZﬁZ—(S—U (1.0.1)
dx Amezmov? I?(1-?)

Where Z is the charge of the incident particle, v its velocity, § = v/c, mg the rest mass
of the electron, N the number of electrons per unit volume, I the average excitation po-
tential of electrons in the stopping material, W,,,,, the maximal value of transferred en-
ergy of electron, 6 the correction for polarization of the material and U takes into account
the non-participation of inner electrons in the collision. The stopping power given in the
above equation takes into account only the collisions with the electrons, neglecting the
ones with the nuclei.

Although Bethe-Bloch stopping power formula is widely used, there is a strong limita-
tion to its applicability since further corrections have to be taken into account. This aspect
will be treated in Section (5.2). One of the most important corrections must be made at
low energies, where the ion can capture electrons from the material, therefore changing
the amount of energy deposited per unit path. This event can be considered in the Bethe-
Bloch equation by introducing an effective charge Z,¢¢. This is not the real charge Z; of
the particle, since it can assume non integer values, but it represents the mean charge that
abunch of particles have at a certain energy. By means of the effective charge, the stopping
power theory can be better fitted to the experimental values[23].

Nowadays,softwares are available for the calculation of the stopping power and the

range of charged particles in different media. One of the most widely used is SRIM (Stop-
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Figure 1.1: Geometry of the track development. The incident angle is normal with respect
to the detector surface, and V; is constant.

ping and Range of Ions in Matter), a Monte Carlo transport code developed by Ziegler et
al. [55].

The action of the etching

As previously stated, the detectable particles are the heavy charged particles, that have
straight line trajectories inside the matter, since the most probable interaction is with the
atomic electrons. Thus, the etching of the SSNTD can be described considering that the
damage occurs along a straight line. To date, there are many theories that describe the
physical aspect of the track formation. However, none of them manages to explain ex-
haustively the track formation in a way to classify different particles with parameters con-
nected to the damage of the SSNTD. The problem of the track development during the
etching will be thus treated in its geometrical aspects.

Starting the geometrical description from the easiest case, the incident particle is as-
sumed to enter under normal incidence with respect to the detector surface, as shown in
Figure (1.1). In this figure, I is the initial detector surface, I’ is the surface after the etching,
V; is the etch rate along the particle trajectory (track etch rate), Vj, is the etch rate of the
undamaged regions of the detector (bulk etch rate), O is the entrance point and E is the
end point of a particle in the detector material, and OF = R is the particle range in the
detector material. The distance between I and I’ is equal to A, i.e., the thickness of the
layer removed by etching, L' is the total distance traveled by the etching solution along the
particle track, and L is the track depth.

The track development is characterized by two parameters: the bulk etch rate Vj, and
the track etch rate V;. These quantities describe the development of the etching during a

period of time . It can be assumed that tracks development is analogous to wave propa-



CHAPTER 1. THE NEUTRON AUTORADIOGRAPHY 15

gation. Just as Huygen'’s principle, stating that each point in the wave front is the source
of a new spherical wave, each point on the surface of the detector can be assumed to gen-
erate an “etching” front with radius h = V},- £. This happens all over the surface, except in
the direction of the particle path, where the etching progresses with the rate V;. Moreover,
the track develops only when the ratio V=V;/V}, is higher than 1. This follows from the fact
that the etch rate of the undamaged material should be less than the etch rate along the
track of the particle. As shown in Figure 1.1 the local development angle § can be defined

as:

1
sind = — (1.0.2)
|4

where the track develops forming a cone. The wall of the cone will expand with the same

etching rate of the bulk, in the direction parallel to the wall surface.

Geometry of track development for constant V;

Recalling Figure (1.1) and the analogy between track development and wave propagation,
according to the Huygen’s principle, the track development for normal incidence can be

considered in two dimensions, where the track depth L is given by:
L=(Vi=Vp)t (1.0.3)

where t is the etching time. Moreover, it can be seen that:

h
ﬂ_ ,/LIZ_hZ

by combining the previous equations, the diameter of the track opening is given:

V-1
D=2h\| — (1.0.5)
V+1

If V > 1, from the previous equations :

tano = (1.0.4)

D=2h (1.0.6)

Based on EQ. (1.0.6), an indirect method for bulk etch rate measurements was developed.
If the track etch rate is very large, which is the case when heavy ions or fission products are

used for the irradiation, the removed layer is directly related to the track-opening diameter
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V; cosO

Figure 1.2: Phases of track development for oblique incidence.

which is easily measurable. Since h = V)¢, it is easy to calculate Vj,.

Once the etchant has reached the end of the track, point E in Figure (1.1), the etching
progresses in all directions with the same rate V}, and the corresponding track becomes
“over-etched”. A sphere is now formed around the point E, and the shape of the track be-
comes a cone jointed with a sphere. With prolonged etching, the spherical part is enlarged
and the conical part becomes smaller and smaller. Finally, if the etching lasts sufficiently
long, the whole track will become spherical. The contrast of a spherical track is lost and
the track might be seen with difficulties or might even become invisible.

In the cases studied in this thesis, normal incidence is not a real condition, the particles
generated during the neutron irradiation of the sample are uniformly distributed on the
entire solid angle. In these conditions the track opening becomes elliptical. The ellipse is
characterized by its major axis D and its minor axis d. These two parameters are important
characteristics of a track opening for oblique incidence. If the track is over- etched, the
post-etching surface might cut both the elliptical and spherical parts of the track wall. In
this case, the track-opening contour is a complex curve that consists of an ellipse and a
circle jointed at some points. With prolonged etching, the spherical part of the track wall,
and thus the circular part of the track opening, are enlarged. Finally, the track becomes

totally spherical and the opening becomes completely circular.

Geometry of track development for variable V;

In the previous section the theoretical approach of track growth for a constant V; was con-

sidered. In the real case V; is variable in most cases, thus the track wall cannot be de-
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Figure 1.3: (a)Variation of the V; function along the particle path: (1) V; = constant;(2)V;is
variable with maximum at the end of the particle path; (3) V; is variable with the maximum
before the end of particle path (this is the realistic situation). (b) Track profiles for the cases
(1), (2) and (3), respectively.

scribed as a regular cone anymore, and the track is now a semi-conical surface as shown
in Figure (1.3). The cross-section between the post-etching detector surface and the track
is now more complex than a simple ellipse, depending on the removed layer, the range of
the particles and V;. The description of this situation is beyond the purpose of this thesis,

a deepening of these concepts can be found in the article by Nikezic et al. [31].

Bulk etch rate and track etch rate

The bulk etch rate Vj, is the rate at which the undamaged surface of the detector is removed
by the etching. Due to the chemical reaction between the etching solution (etchant) and
the detector material, some molecules of the detectors are removed even if there is no
track. The final effect is the removal of a layer of material from the detector surface.

For the CR-39 films used in this work, the V}, measurement, was done by irradiation
with a 22C f source at a short distance and etched for the following times: 30, 45, 60, 70
and 80 min, in a 6.25 N NaOH solution at 70 °C 2. The etching solution was prepared
mixing 99.0 % purity NaOH with pure water. After etching, CR-39 films were washed out
with cold water in order to remove the etchant solution from the detector surface. Finally
the tracks were analyzed and V} were determined by Eq. (1.0.6). The complete analysis
and results have been published in the article by Gadan et al. [20]. The results showed
that, the track diameter increased with the etching time for the whole considered time
range, and a linear response with a constant bulk etch rate of V}, = (1.64 + 0.02)um/h was
obtained.

2This characterization was performed by Ing. M.A. Gadan (CNEA, Argentina) during his research period
in Pavia.
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The track etch rate V; is the rate of detector etching along the particle track. For normal
incidence a track is formed when V; > Vj, although for an oblique incidence of the particle,
a track is formed when cos@ > V;,/V;, where 0 is the angle between the track and the nor-
mal to the detector surface. For this thesis V; was not calculated, since there are different
particles interacting with the SSNTD, having their own V; depending on their linear en-
ergy deposition in the CR-39. For our purposes it is sufficient to know that the V; depends
on the energy deposition of the ionizing particle, therefore from Eq. (1.0.5) the diameter

of the tracks depends from the energy deposition of the ionizing particle.

1.1 Neutron autoradiography and BNCT

The autoradiography can be very useful in BNCT, since it allows visualizing the distribu-
tion of the boron concentration inside the samples. Although the process of image devel-
opment and data acquisition can be time consuming, there is the advantage of measuring
concentrations of the order of a few %g. Another benefit is the low cost of the process com-
pared to other techniques like prompt gamma neutron activation analysis or ICP. This is
due to the low cost of the CR-39 sensitive film and the possibility of irradiating a number
of samples in short irradiation times (at least in facilities like the thermal column of TRIGA
reactors, as the one at the University of Pavia).

In Pavia, this technique was exploited as a method for qualitative imaging of the boron
biodistribution in tissues [42, 1]. The irradiation and the etching parameters were set as
to obtain darker areas due to higher track density in correspondence of higher boron con-
centration zones. The obtained images were compared with histological preparations of
tissue sections contiguous to the ones used for autoradiographies. In this way it was possi-
ble to verify if the tumor nodules visible in the histological glass matched with the darkest
zone in the autoradiography images. It was a qualitative way to demonstrate the selective

uptake of boron in tissues.
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Figure 1.4: Comparison between two images of a sample coming from a tumor nodule of
first patient treated by the TAOrMINA method: (a) neutron radiography and (b) histologi-
cal image. In the neutron radiography the boron distribution seems to be rather uniform
in the healthy tissue (c), and quite irregular in the tumor area. (d), (e). In (d) darker zones
correspond to an almost 100% presence of tumor cells, and in (e) lighter areas are filled
with necrotic cells or with the tumor disseminated through healthy hepatocytes.

Recently, this technique was exploited to set-up and calibrate a quantitative measure-
ment of boron concentration, irradiating and etching the detectors in a way that the tracks
remain separated and countable. The first part of this thesis work was dedicated to a study
of the best parameters for the irradiation and the etching in order to reach the best working
conditions for both in liquid and solid samples. An example of neutron autoradiography
for boron quantification is shown in Figure 1.5.
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Figure 1.5: This image is an example of the tracks that form from the irradiation of a 30ppm
tissue standard on a CR-39 SSNTD. The picture represents an area of 0.2961 mm?.



Chapter 2

Materials and methods

For boron measurement by neutron autoradiography a calibration curve expressing the
track density as a function of boron concentration must be assessed. The track den-
sity obtained for the samples can then be directly compared with the curve. The first
step was to perform measurements using tissue and liquid standards with known boron
concentration in order to obtain two calibration curves, expressed as density of tracks
[tracks/ mm?] versus boron concentration in ppms. Standard liquid and tissue samples
with known boron concentration are used as reference.

It is very important to note that it is necessary to obtain proper calibration curves for
each kind of sample that must be measured. In fact, the stopping power of the charged
particles depends on the material that they cross. For this reason, the calibration for solid
biological tissues was performed using liver tissue reduced to a cell suspension. In this
way, the track density obtained by irradiation of a tissue section, can be related to this cal-
ibration curve, because the stopping power of alpha particles is the same. Therefore, it
is important to use tissue calibration when measuring tissues, water solution calibrations
when measuring liquids, and so on. Another characteristics of standard samples should
be an easy and reproducible preparation. The tissue standards were obtained from a mix-
ture of cells and a solution of BPA fructose in different fixed proportions. The liquid stan-
dards are solutions of distilled water with boric acid. These standards are homogeneous
to the biological samples that must be measured for BNCT research: aqueous solutions
containing new boronated formulations for the quantification of boron in the molecules,
biological liquids as urine, dry cell samples and sections of tissues.

The preliminary results obtained using these standards were published in January 2012

[20]. Afterwards, new efforts were devoted to improve the quality of the analysis and to in-

21
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crease the accuracy of the results. In the following sections the first calibrations obtained
will be described, then, an account of the evolution of the system, both from the instru-

mental point of view and concerning the setting of the parameters will be presented.

CR-39

The sensitive films used for neutron autoradiography were rectangular polyallyldiglycol
carbonate (PADC) CR-39 film detectors from Intercast Europe manufacturer, with a 75 x
25 mm? area and a 1 mm thickness. As discussed in the previous chapter, a critical param-
eter for the image development is the bulk etch rate, that was previously characterized by

irradiation with fission fragments and etching in a 6.25 N NaOH solution at 70 °C [20].

Thermal neutron flux measurements

Before the irradiation of the standard samples, in order to characterize the two irradiation
positions for liquid and solid samples, the thermal neutron flux was measured, by means
of copper foil activation. For the liquid samples, copper foils were positioned inside four
holes, for each CR-39 position, filled with water and irradiated in the same position as
for the real measurements. After irradiation, the foils were taken off the facility and their
activity was measured by a germanium detector. The neutron flux determination for the
tissue samples, was carried out using the same method as for liquid irradiation facility, by
positioning copper foils in representative points of the CR-39 irradiation facility. The ther-
mal neutron flux measured in the liquid irradiation facility with the reactor operating at
250 kW was (7.2 + 0.3) x 108 n/cm?-s. The thermal neutron flux measured in the solid sam-
ple irradiation facility with the reactor operating at 250kW was (1.37 + 0.08)x10° n/cm?-s.
From these results, the neutron flux was renormalized at the different reactor powers as it
is stated in Table (2.1).

Preparation and irradiation of the samples

The liquid standards consisted of water solutions of 1°B at 5, 10, 20, 25, 50 and 100 ppm.
About 1 ml of each solution was poured on CR-39 films, using the device constructed on
purpose for the irradiation of liquid samples (see Figure 2.1), that allows irradiating 4 films
a time with 4 samples each. The device with the liquid samples was irradiated at the end of
the thermal column of the TRIGA Mark II reactor, operating at 10 kW for 30 min, receiving

a neutron fluence of (5.2 +0.2) 10'° n/cm? [20].
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Figure 2.1: Liquid samples irradiation facility. This facility allowed pouring 1 ml of solution
in sealed holes below which CR-39 films were positioned. This device hosted four CR-39
films, and for each film four holes for liquid samples were available. In this way it was
possible to obtain films in which up to four different concentrations were simultaneously
present.

The solid samples for the tissue calibration were obtained mixing a cell suspensions of
rat healthy liver with BPA-HCI, at different boron concentrations. Briefly, cell suspensions
were obtained by mechanically treating the liver tissue with a potter homogenizer. The
tissue inserted into the tube was pressed until its complete disaggregation. Then the ob-
tained cell suspensions were divided into five aliquots, centrifuged to eliminate the water
excess, and weighted. A boronophenylalanine-HCI (BPA-HCI) solution at 500 ppm of 1°B
was added to each cell fraction in order to obtain the reference boron concentrations of 5,
10, 25 and 50 ppm. The concentration values were then recalculated on the basis of the
true weights of each prepared sample; the error associated to the concentration values is
of the order of 0.5%. Finally, the samples were frozen in small cylindrical rods at -80 °C.
Slices of 60 um were obtained using a Leica cryostat and were deposited on CR-39 films,
which were then irradiated at the end of the thermal column with the reactor operating at
1 kW for 30 min !, receiving a neutron fluence of (0.98 + 0.06) 10'° n/cm?[20]. The solid
biological samples were irradiated in a facility made up of two plexiglass slides positioned
vertically at the end of the thermal column. This facility allows the irradiation of up to
thirty CR-39 films positioned at different heights at the same distance from the reactor

core?.

!The initial irradiation was performed with a reactor power of 5 kW. But, due to the fact that it was nec-
essary to increase the etching time to enlarge the tracks size, the power was successively reduced to 1 kW to
prevent tracks overlap.

2The thermal neutron flux is almost homogeneous in the vertical and transversal directions at a fixed
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irradiation Fluence etching
Sample | Power (kW) time (min) (n/cm?) time (min)
Liquid 10 30 (5.2+0.2) 1010 45
Tissue 5 30 (4.9 +0.3) 1010 45

Table 2.1: Starting working conditions.

Image acquisition system

The experimental set up for the Image acquisition is composed by a microscope 3 con-
nected to a lamp * and a joystick °. The microscope has an integrated camera connected
to a PC and, initially, the program LAS (Leica Image Acquisition) V3.7 was used to acquire
the pictures. As it will be described in the next chapters, a new program called Image Pro
Plus 7.0 has been selected to acquire images, this helped to improve the acquisition and

analysis method.

2.1 Preliminary work and analysis

The preliminary step was to demonstrate the possibility to obtain a proper calibration to
measure the quantity of boron inside liquid or tissue samples. The initial conditions of
irradiation and etching are listed in Table 2.1. After the irradiation and the etching, the
procedure consisted of 3 steps: image acquisition, image analysis and data analysis. Each

step will be described in the relative section.

2.1.1 Image acquisition

The maximum possible zoom, corresponding to a picture of 0.2961 mm? area was set. As
a consequence, the lamp was set to the maximum luminosity, to keep a high contrast be-
tween the background and the interesting points in the picture. With the same criterium,
the indicated values of exposure, gain, gamma and sharpness adjustment were selected.
A shadow correction (corresponding to a background subtraction) was applied since there

was a inhomogeneous light field altering the quality of the picture.

distance from the core [43].
3microscope : LEICA MZ16A
“lamp : LEICA CLS150X
Sjoystick : PRIOR OPTISCAN II
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Name

Characteristics

Picture

Microscope

Lens zoom 1.0x
Digital zoom 115.0x

Lamp

6 (max)
6 (no filter

Luminosity
Filter

Acquisition program

Exposure 17.6 ms
Gain 1
Gamma 0.54

Shadow correction on
Sharpness adjustment

robust

—

e T
6RO 2 WO0CHV ALY AW i i AR ndl cBNIGLLEABEE
x|

Table 2.2: Instrument setup.The specified parameters were optimized for a good definition

of the tracks in the pictures.
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Figure 2.2: Picture sample of a tissue with 50ppm of 1°B.

2.1.2 Image analysis

Once the images had been acquired, the program Image-Pro analyzer 6.3 was used to clas-
sify the objects (the dark points visible in Picture (2.2)). The analysis process started with
the binarization of the images using the gray scale histogram. Once all the interesting
points were set to black and the background to white, a built-in code was used to count
the number of black objects. Moreover, for each object, the program calculated some user-

7 were used to

defined parameters: in our case, the minimum diameter ® and the area
characterize and select the interesting points to count. For the area, a threshold was im-
posed equal to 1 pixel: this means that the objects with area smaller than the threshold,
clearly due to dirt or artifact left in the background after the binarization, were removed
from the count. Another threshold for objects too large was imposed, that could be caused
again by dirt or to CR39 irregularities. Although they are rare, in comparison to the small
objects in the background, it is important not to count them. The minimum diameter was

used as a trigger for the counting system, as explained in the next section.

2.1.3 Data analysis

Eventually, the data obtained from Image-Pro analyzer 6.3 were analyzed, using the ROOT

framework [37] to plot and fit the data. The first step was to select the range of minimum

6Length of shortest line joining two points of an object’s outline and passing throught the centroid.
7Area of the outlined object.
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Figure 2.3: Histogram of the minimum diameters of the objects of all the images collected
for one particular sample.

diameters of interest. To do this, the minimum diameters were plot as an histogram, using
the objects of all the pictures of a certain sample (Figure (2.3)).

The distribution of the minimum diameters has a gaussian shape, and a gaussian fit
was applied to select a range of minimum diameters to be [u—30, p+30] 8 assuming
that all those objects correspond to a particles.

The number of a particles in that range was thus counted in each picture, and used
to build another histogram, as the one in Figure (2.4), from which the mean number of
objects per picture (that is, the mean track density at a given concentration value) and its
associated error were obtained. Finally, the mean track density was plotted against the
concentration values and the calibration curve was obtained both for liquid and for tissue

standards, as shown in Figure (2.5) for the liquid and in Figure (2.6) for the tissue.

2.1.4 First conclusions

The calibrations obtained show a good linearity, that would allow boron measurement in
samples analogous to the standard employed. The slope error, for both liquid and tissue

samples, is about 10%, which is quite high. Anyway, this first analysis taking into account

8Where u represents the medium value of the gaussian fit while ¢ is the standard deviation of the fit.
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Figure 2.4: Histogram of the number of objects per picture with minimum diameter in the
selected range of minimum diameter.
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Figure 2.5: Calibration curve for the liquid sample. Where p0 represents the y-intercept of
the line, while p1 is the slope.
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Figure 2.6: Calibration curve for the Tissue sample.Where p0 represents the y-intercept of
the line, while p1 is the slope.

only two parameters (area and minimum diameter of the tracks), provides a quite reliable
measurement method.

A further consideration must be made, considering the dry to fresh mass ratio of the
samples. The tissue sections, in fact, lose their water content soon after the cut. Tissues
different than the calibration samples, although with similar composition, could lose wa-
ter in different percentages. Therefore, when calculating boron concentration in a sample
by comparison with the calibration curve, the results must be renormalized by the ratio
between the water loss in the calibration samples and in the actual sample. Our tissue
samples have a dry to fresh mass ratio of 0.15 + 0.01 measured using a high precision scale
[20]. The dry to fresh mass ratio can also be calculated by the ratio between the tissue
slope and liquid slope, since the stopping power in water and dry tissue is very similar.
Taking also into account the difference in fluence, from the calibration curves that we ob-
tained the slope ratio is 0.133 + 0.017, in good agreement with the measured value: this is
another hint that this first method was correct for 1° B concentration measurement.

However, the study of the set-up was further deepened, in order to decrease the error
on the slope, and thus to improve the precision of the measurements. Moreover, the goal
was to determine a better trigger on the tracks shape and area for the image analysis, in
order to recognize the different particles interacting with the SSNTD. Another disadvan-
tage of the described measurement conditions is that, with an etching time of 45 minutes,

the inhomogeneity of the CR39 is still visible and appears as dark objects on the pictures
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N

Figure 2.7: An example picture with dark objects in the background.

(see Figure 2.7). This factor can sensibly alter the image analysis and thus the result of the

measurement.

2.2 Improvements and final set-up

In order to accomplish the requirements listed in section (2.1), the tracks on the pictures
had to be better characterized. 45 minutes of etching were not enough to identify and
separate tracks generated by different particles, since the morphological parameters of
the analyzed object were below the limit resolution of the instrument. Hence, the first
step was to find an etching time that would sufficiently expand the tracks. In this way, new
characterizing parameters could be introduced. To monitor the evolution of the tracks on
the SSNTD, pictures of a portion of detector were taken at different etching times. Some
of those pictures can be seen in Figure 2.8, Figure 2.9 and Figure 2.10.

The first aspect to be noted is that the tracks enlarge with increasing etching time as
expected. In a second instance, focusing on the difference between large and small tracks,
two well defined populations of tracks appear on the CR39 as the etching time increases.
Another important feature is that the tracks tend to assume a circular shape. This shape
can become a trigger to select only single tracks thus improving the track selection in a

way that anomalous artificial objects are left out the counting mechanism. Last but not
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a) ’ b)

Figure 2.8: Picture a) has been taken at 90 minutes of etching, while picture b) has been
taken at 120 minutes.

a) b)

Figure 2.9: Picture a) has been taken at 150 minutes of etching, while picture b) has been
taken at 180 minutes.

a) b)

Figure 2.10: Picture a) has been taken at 210 minutes of etching, while picture b) has been
taken at 240 minutes.
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Figure 2.11: Lego plot for 45 minutes of etching of a tissue sample of 50 ppm of 1°B.

least, with rising etching time, the artificial objects due to CR-39 inhomogeneities as the
ones evidenced in Figure 2.7 disappear.

It is important to compare some track parameters at different etching time. An irradi-
ated tissue sample was taken and etched for 45, 90 and 135 minutes. At each step, random
pictures were taken with LAS and analyzed with Image Pro 6.3. This time a new parameter
has been considered, which is the radius ratio. This quantity defines the degree of round-
ness of the analyzed object, when the radius ratio is = 1 it means that the objects are nearly
round, while if the ratio is > 2.5 they tend to assume a non circular shape.

To better visualize the characteristics of the tracks, lego plots were built to compare
the different etching times results. These plots sre shown in Figure (2.11) for 45 minutes,
Figure (2.12) for 90 minutes and Figure (2.13) for 135 minutes.

Analyzing Figure (2.11), no correlation between area and radius ratio can be estab-
lished. The data accumulate in an area between 1 and 6 pixels, while the radius ratio
ranges from 1 to 4. This suggests that the previous image analysis (Section 2.1.2) did not
perform a proper track selection. In fact, only the total number of tracks were counted,
without a distinction of the particles causing the tracks. Nevertheless, a linear depen-
dence of the total track density from the boron concentration was established, despite the
presence of protons from neutron capture in nitrogen.

With 90 minutes of etching, Figure (2.12) the images show that most of the data form a

peakin an area between 10 to 25 pixels (track area) and between 1 and 2.5 radius ratio. This
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Figure 2.13: Lego plot for 135 minutes of etching of a tissue sample of 50 ppm of '°B.
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Figure 2.14: This histograms represents a two dimensional section of the lego plot (Figure
2.12). Only data with a radius ratio within 1 and 2.5 was selected.

means that there are similar objects on the picture and that they can be distinguished from
artificial background entities, by triggering on the area and on the radius ratio. A clearer
view is given by Figure (2.14) which is a section of the lego plot seen in Figure (2.12) with
a trigger on the radius ratio between 1 and 2.5. In this histogram the peak of tracks that
have an area of about 20 pixels is visible. Anyhow the peak is not well defined, and further
etching is needed to improve the resolution.

Finally, the 135 minutes etchinglead to the Figure (2.13), where a very defined peak can
be seen, which ranges from 40 to 60 pixels in area and between 1 and 2 in radius ratios. In
a further analysis, triggering on radius ratios from 1 to 2.5 and selecting areas larger than
1 pixel, two separate peaks can be distinguished. These two peaks are plotted in a two
dimensional histogram in Figure (2.15). In this way, a useful working point was found,
where the peak at areas of approximately 50 pixels could be recognized as the one due to
alpha particles. The peak at areas of about 10 pixels could be due to proton or alpha and
lithium particles with lower stopping power .

At last a consideration must be done regarding the overlapping tracks. From Figure
(2.8) to Figure (2.10), the evolution of the tracks with increasing etching time can be fol-
lowed, and it is clear that the tracks tend to overlap with increasing etching time. Espe-
cially those films with etching time higher than 180 minutes, have many of those multiple

events. Therefore, if the same irradiation conditions must be kept for the liquid samples,

9IThis statement will be better discussed in Chapter (5), where the results of the simulations with SRIM
will be described.
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Figure 2.15: This histograms represents a two dimensional section of the lego plot (Figure
2.13). Only data with a radius ratio within 1 and 2.5 was selected.

irradiation Fluence etching
Sample | Power (kW) time (min) (nlcm?) time (min)
Liquid 10 30 (5.2+0.2) 1010 125
Tissue 1 30 (0.98 + 0.055) 10'° 125

Table 2.3: Working conditions.

the etching time must be less than 180 minutes to avoid overlapping tracks. On the other
hand, the tissue samples, already at 135 minutes of etching, present overlapping condi-
tions. This can be noticed in Figure (2.15) from the important tail of events that goes from
70 pixels onwards. Moreover, the difference in track density between liquid and tissue
samples is due to the dry to fresh mass ratio. To equal the working condition, the ratio
between the neutron fluence delivered to the tissues and to the liquid samples must equal
the ratio of the fresh to dry mass. For simplicity, the liquid samples were irradiated with a
reactor power of 10 kW, while the reactor power for the tissue sample was set to 1 kW. In

table 2.3 is reported the summary of the new working conditions.

2.3 Image acquisition and analysis

Before moving to the calibration chapter, an improvement to the image acquisition sys-
tem must be described. Image Pro Plus 7.0 was chosen as image acquisition and analysis

program. This not only improved the image quality but also improved the acquisition
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Figure 2.16: This is the lego plot of a liquid sample with 50 ppm of boron obtained with the
new image acquisition system. Comparing it with Figure 2.13 it can be seen that the arti-
ficial 1 pixel objects disappear, making the low pixels range much cleaner. Another visible
improvement is that the objects tend to be more circular, this is a index of the quality of
the binarization.

mechanism by implementing an automated acquisition system, the Prior Optiscan stage,
on which the CR-39 is positioned, was connected to the PC with a RS-232 cable. The au-
tomatization of the stage was not the only advantage: by giving the magnification of the
microscope as an input to Image Pro Plus 7.0 the area of the tracks are automatically con-
verted in mm?. As a general consequence the overall quality of the system was improved
and the image acquisition time was decreased, making it possible to have more statistical
points, therefore decreasing the statistical error. Figure (2.16) is an example of this state-
ment.

Once the images have been acquired, Image Pro Plus 7.0 performs some operations on
the picture. The first one is the background subtraction to eliminate the inhomogeneities.
Subsequently, the contrast of the picture is enhanced, in a way to darken the tracks of the
particles. This step is done with the same parameters for all the analyzed pictures, since
the acquisition conditions are the same.

The last step of the image analysis corresponds to the counting of the objects, by a
counting function of Image Pro called Count/Size, where the objects are selected depend-
ing on their color. For the purpose of the analysis only dark objects are selected, the range
of the selected gray scale is fixed for all the analyzed pictures. Finally, before the counting

of the objects starts, the interesting parameters of the dark objects have to be selected. As
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previously said, the calibration of the quantitative autoradiography is based on the radius
ratio parameter and the area of the tracks. The fist one is important since it selects only
circular shapes, while the latter parameter characterizes the energy deposition inside the
CR-39 of the ionizing particle. From each analyzed picture a file is created where for each
track on the picture the area and the radius ratio are stored. These files are then analyzed
with a ROOT program, this analysis is discussed in the next chapter where the calibration

is presented.

2.3.1 Repeatability check with a NIST sample

Concerning the final measurement result it is important, to prove that the irradiation
working condition do not vary from the calibration conditions. Therefore, a standard
sample purchased at NIST'? consisting of a silicon wafer with a superficial boron atoms
implantation, was put in a fixed position on a CR-39 outside the tissue sample and lig-
uids holders. The track density obtained from the NIST standard provides a reference for
the working conditions. For the analysis of the NIST autoradiography, the SSNTD is then
etched as described in the previous section. While the graphical analysis is treated in the

next chapter.

19National Institute of Standards and Technology’s, Gaithersburg and Maryland, USA.
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Calibration of the QNCR Technique

Having obtained the propper working conditions, the next step was the improvement
of the data analysis. The trigger was set as follows: a range of track areas from 0 to 40

x10"6mm?

was selected and only the objects with a radius ratio between 1 and 2.5 were
kept. For each sample, all the tracks were plotted in a single histogram, showing the dis-
tribution of the selected objects area, Figure (3.1) shows this step for the liquid samples
while Figure (3.2) shows the same results for the tissue samples.

Following the results of Chapter 5, all the tracks with an area larger than a certain
threshold value are generated by the energy deposition of alpha and lithium ions. By ob-
serving Figure (5.17) and comparing it with Figure (5.18), the threshold value should be
in the range that goes form 0 till 25 x14~*mm?. To make careful selections it is better to
impose this threshold value to be near the peak given by the alpha and lithium particles.
This way the protons are excluded from the calculations, thus only events coming form
the neutron capture in boron are counted. Following these considerations the threshold
value was set to 10 x 10~*mm?2. In addition, it can be said that if the response of the SSNTD
depends only on the Stopping Power, and not the type of particle, = 70% of the tracks with
an area larger than the threshold are alpha particles. While the remaining 30% is due to
the lithium ions. For smaller areas the contribution of the particles depend on the type
of sample, for liquids the tracks are equally distributed between alpha and lithium ions.
For the tissue, the proportions vary with concentration of boron, since the amount of al-
pha and lithium ions tracks depend on the concentration of !°B in the tissue, while the

quantity of protons is constant.

38
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Figure 3.1: Area distribution histograms for the liquid sample, for each sample 100 pictures
have been take. Where figure a) represents the histogram at 10 ppm, b) at 20 ppm, c) at 30
ppm, d) 50 ppm and e) 0 ppm.
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Figure 3.2: Area distribution histograms for the tissue sample, for each sample 100 pictures
have been take. Where figure a) represents the histogram at 10 ppm, b) at 20 ppm, c) at 30
ppm, d) 50 ppm and e) 0 ppm.

The threshold value is then used to determine, for each sample, the number of tracks

per picture that have an area larger than 14 x10™4*mm?. The result is then plotted in an
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Figure 3.3: Tracks per picture of a liquid sample with 25 ppm of boron.

histogram giving the distribution of tracks per picture. This value should then be propor-
tional to the boron concentration in the irradiated samples. This distribution is then fitted
by a gaussian function, following the Central Limit Theorem since the number of random
variables are more than 50 for each sample. Figure (3.3) represents the outcome for a lig-
uid sample with 25 ppm of boron, while Figure (3.4) the outcome for a tissue sample with
30 ppm of boron. The same was also done for all those tracks that have an area value be-
low the threshold parameter, Figure (3.5) is an example of the number of tracks with an
area below x10™*mm?, this can be useful to estimate the amount of nitrogen present in

the analyzed samples.

Tissue calibration curve

Figure 3.4 shows the fitted histogram of tracks per picture. In Table (3.1) the results of the
mean value of the fitted gaussian curve are summarized. The calibration! result is shown
in Figure 3.6, the slope error is = 8% which is an improvement compared to the former
calibration. In addition, Figure 3.11 describes the evolution of the track areas with values
below the threshold, and also in this range of areas the tracks increase with the boron con-
centration. From Figure (3.11) it can be seen that in the number of counted tracks increase

linearly with boron concentration, and that there is a non zero value for samples with 0

IThe calibration has been done by following the results shown in Table (3.1) for the values above thresh-
old, where the track counted at Oppm are considered as background, hence it is subtracted from the other
results.
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Figure 3.5: Tracks per picture, below the threshold value, of a liquid sample with 30 ppm

of boron.
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Number of track Number of track
Sample | below the threshold | error | above the threshold | error
per picture per picture
10 ppm 80 11 86 16
20 ppm 105 16 165 29
30 ppm 146 18 259 39
50 ppm 204 24 347 45
0 ppm 7 3 6 3

Table 3.1: Results from the analysis of the standard tissue samples.
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Figure 3.6: Tissue calibration curve. Track evolution for areas bigger than the threshold
value.

ppm of boron. This value is possibly due to protons coming from the neutron capture on
nitrogen atoms.
In Figure (3.8) and Figure (3.9) the analysis of the tracks due to standard sample from

NIST are shown for the irradiation of the tissue.

Liquid calibration curve

The same process as for the solid samples was performed for the liquid ones. The result
can be seen in Table 3.2 and in Figure 3.10. The slope error has remarkably improved to
an uncertainty of = 6%.

Also during the irradiation of the liquid samples, a reference NIST was positioned in-
side the thermal column. The analysis follow the same conditions of the other samples, so

the results of this autoradiography are shown in Figure (3.12) and Figure (3.13).
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Figure 3.7: Tissue calibration curve. Track evolution for areas below the threshold value.
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Figure 3.8: Number of tracks in the NIST sample, of the tissue irradiation, for area values
above the threshold value.
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Figure 3.9: Nist autoradiography for tissue samples, the Figure shows a lego plot showing
the distribution of the tracks accordingly to area and radius ratio.

Number of track Number of track
Sample below the threshold | error | above the threshold | error
per picture per picture

5 ppm 25 7 33 6
10 ppm 30 9 56 8
20 ppm 56 9 96 13
25 ppm 54 10 102 12
30 ppm 74 10 120 15
50 ppm 103 20 194 23
100 ppm 154 26 388 31

0 ppm 18 5 1 1

Table 3.2: Results from the analysis of the standard liquid samples.
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Figure 3.10: Liquid calibration curve. Track evolution for areas bigger than the threshold
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Figure 3.11: Liquid calibration curve. Track evolution for areas below the threshold value.
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Figure 3.12: Number of tracks in the NIST sample, of the liquid irradiation, for area values

above the threshold value.

Figure 3.13: NIST autoradiography for liquid samples, the Figure shows a lego plot with

the distribution of the tracks accordingly to area and radius ratio.
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3.1 Final considerations

To conclude, the calibration obtained for both liquid and solid samples is very precise
and the linearity in the whole range of concentrations tested is excellent. With the new
calibration, the dry to fresh mass ratio obtained from the calibration curve slope ratio is
0.135 + 0.0132, that is in good agreement to (0.15 + 0.01) obtained from the measurement
with the digital scale. In the next chapter these calibration curves are used to measure
boron concentrations in cells cultured in presence of new boronated formulations in order
to thest their effectiveness in conveying boron.

The autoradiography of the NIST sample allows normalizing the working conditions,
that can be different from the ones at the time of the calibration samples irradiation, for
ex. due to power fluctuation. The reference values that are used for normalizing are 311 +
44 tracks/mm? for the tissue and 2230 + 85 tracks/mm? for the liquid.

An interesting result can be deduced from Figure (3.11), where the intercept with the
y-axis should represent the number of protons reaching the SSNTD. This value is related
to the amount of nitrogen in the tissue. From the simulations in Chapter 5, the number
of protons transmitted by the solid sample are = 65 tracks/mm?. Since the detector is not
100% efficient most of those protons will not be revealed, an estimation of the detector ef-
ficiency can be done by comparing the experimental results to the simulated ones, there-
fore an efficiency of = 50% can be expected. So the number of detected protons should be
~ 33 tracks/mm?, that is in agreement with the experimental value of = 27 tracks/ mm?.

A final consideration must be done about the error bars of the calibration curve. The
error associated to each value is the standard deviation of the data over the entire sample.
A smaller error could have been considered, given by the standard deviation of the mean.
Anyhow the latter was discarded, and the standard deviation of the mean was preferred,
since it gives the chance to estimate the micro-distribution of boron within the sample. In
fact, a broader the distribution means that the pictures taken for one sample were not uni-
form. This value is of interest for BNCT since the uniformity of °B bio-distribution in tu-
mor and in normal tissue plays a crucial role for the outcome of the irradiation. Therefore,
with autoradiography it is possible to estimate the in-vivo micro-distribution of boron in
tumor and healthy tissue. This is an important parameter for the therapeutic efficacy of
BNCT, since radiobiological studies revealed wide variations in boron content, providing

tissue response data that could not be explained on the basis of gross boron content alone.

2A correction factor, calculated in the simulation Chapter 5, for the thickness of the tissue sample was
considered in the calculation of the dry to fresh mass ratio.
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In subsequent studies, it was proven that boron targeting homogeneity is important for

BNCT success, even if the absolute tumor boron concentration is lower [43].



Chapter 4
Boron carrier analysis for BNCT

The autoradiography technique (QNCR) is important for the future developments of BNCT,
where new carriers and boron distribution inside the tissue must be studied. The advan-
tage of QNCR is that concentration measurements of 1° B can be performed for both liquid
and tissue samples, and that the homogeneity of the boron distribution can be investi-
gated. Another important characteristic is its simplicity associated to a fast achievement of
the result. Therefore, autoradiography was implemented in Pavia for the BNCT project on
Osteosarcoma, for which new carriers are being tested. In the following section, results for
Liposomes, polymeric nanopartcles and gold nanoparticles are exposed, these should be
interpreted as some preliminary measurements needing future developments. The out-
come of the experiments with new carriers are compared with the results of BPA, that was
used as a reference since it is the drug presently used for clinical BNCT, giving an idea of
which new drugs has a promising future. These experiments were performed on UMR-106
rat osteoblastic carcinoma cells, cultured in presence of the boronated formulations for 4
hours, after that the cells were centrifuged and deposited on mylar films.

As it is the first time that the QNCR technique is used in Pavia, before employing it as a
self standing boron measuring method, it is important to compare the results to the ones
of alpha spectrometry (AS). Therefore, the experiments with BPA and Liposomes were per-
formed with both QNCR and AS (Section (4.1) and Section(4.2)), showing that the out-
comes are in good agreement. Moreover, through a collaboration with a group working
at CNEA! (Argentina), samples of healthy rat liver treated with BPA (following a routine
administration protocol.) were sectioned to be measured by QNCR and AS in PV and by
ICP-AES, ICP-MS and QNCR with different films in Buenos Aires. Although the project

The analyzed samples were prepared by Dr. Agustina in Portu.
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is in an early stage, Table (4.1) shows that all the cited techniques are consistent for °B

concentration measurements.

. Sample 1 Sample 1 Sample 2 Sample 2
Technique
Boron (ppm) error (ppm) Boron (ppm) error (ppm)

ICP-OES 19.1 0.7 20.7 0.8
ICP-MS 23 1 22 3
QNCR Arg 21 2 21 2
AS 26 4 25 3
QNCR Pavia 18.5 2 23 2

51

Table 4.1: Comparing techniques for boron concentration measurements.

In the following sections the autoradiography technique calibrated in chapter (3) is
applied to samples of cells treated with the new formulations. To simplify the exposures
of the results, this chapter is divided in subsections. In each subsection the results are
exposed in tables followed by the description of the samples and the discussion of the

result.

4.1 Cell samples with BPA

The molecular structure of BPA was shown in the Introduction Chapter. As already stated,
this boron carrier is the most widely used in BNCT, therefore the first step to study new
molecules is to have a comparison with the absorption due to BPA, which becomes a ref-
erence for the new carriers tested.

The UMR-106 cell cultures were exposed to 80 ug/g of BPA. In Table (4.2) the results of
the QNCR and AS boron measurements are compared. As shown, the results are compat-
ible for all the analyzed samples. An observation can be made on the difference between
the two measuring techniques: for the samples containing < 5ppm the relative error of
QNCR results is higher, while for those samples containing > 20 ppm the relative error of
AS becomes greater.

Table (4.2) reports an experiment of boron absorption after the administration of d,l-
BPA and 1-BPA. Since cells do not absorb d-BPA, one expects that the concentration in cells
exposed to the d,1-BPA is half the one in cells exposed to 1-BPA. This is in fact compatible

with the result shown.
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Sample A‘ggiiil‘()pg;fl’)hy error (ppm) Boroﬁ?ppm) error (ppm)
UMR-CTR 3.7 1.3 2.9 0.4
UMR-d,1-BPA 24 2.7 20 3
UMR-1-BPA 40 4 46.5 6.5

Table 4.2: Results of BPA absorption in UMR cells, obtained by QNCR and AS. CTR stands
for control cells, where the quantity of boron is measured in cells not exposed to BPA. The
|1 and d before BPA stand for levorotatory and dextrorotatory correspondingly. The values
were corrected taking into account the difference in dry to fresh mass ratio between the
standard samples (used in the calibration) and the one of the cell samples.
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Figure 4.1: Schematic view of o-closocarboranyl -lactoside.

4.2 Cationic liposomes loaded with LCOB

In this section a new boron compound of carborane? derivative is employed, namely, o-
closocarboranyl ﬁ—lactoside3 (LCOB) shown in Figure (4.1). This drug is transported to the
cell by a liposome, which is a common vehicle used in medicine (Figure (4.2)), consisting
of a vesicle composed by a lipid bilayer, the same as the cell membrane. For this rea-
son liposomes are easily absorbed by the cells. Cationic liposomes were selected because
they had already showed the best uptake properties in previous studies [2]. Table (4.3)
and Table (4.4), show the results of boron concentration measurements in two different
experiments using cationic liposomes charged with LCOB.

Table (4.3) refers to the experiment where cells were exposed to cationic liposomes
charged with LCOB, where the initial boron concentration in the medium of culture was
2.4 pgl/g. From the results of Table (4.3), it can be stated that the control cells (CTR) and
cells contain only liposomes (CTR+LIPO) have the same boron concentration. The sam-

ples treated by boronated liposomes (LIPO-LCOB) samples contain = 20 + 1.3 ug/g of

2A carborane is a cluster composed of boron and carbon atoms.
3The LCOB carboranes are synthesized at the University of Piemonte Orientale, Italy.
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Figure 4.2: The structure of a Liposome, where it is shown how the molecules are carried:
hydrophilic molecules are entrapped into the aqueous core of the liposome (yellow); hy-
drophobic molecules are encapsulated into the lipid bilayer (green); other molecules, with
a more complex chemistry, are adsorbed onto the membrane surface with possible partial
intercalation in the bilayer (red); a chemical bond between molecule and lipids (blue) is

also possible [25].
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Sample A‘ggiiil?pg;?g)hy error (ppm) Boroﬁ?ppm) error (ppm)
CTR-1 3.7 1.3 49 0.7
CTR-2 3.2 1.3 5 0.8

CTR+LIPO-1 3.5 1.3 5.1 0.8
CTR+LIPO-2 3.7 1.3 5.8 0.9
LIPO-LCOB-1 19.1 1.3 19 3
LIPO-LCOB-2 19.1 1.3 26 4
LIPO-LCOB-3 21.3 1.3 28 4

Table 4.3: Results of boron concentration measurement by AS and QNCR. Where CTR
stand for cells not exposed to liposomes or LCOB, CTR+LIPO are those cell cultures ex-
posed only to liposomes and LIPO-LCOB are those cultures exposed to liposomes charged
with LCOB. The number after each name corresponds to a different sample.

boron. This means that the cells have absorbed and concentrated boron*. The results
of QNCR for the three samples treated with LCBO are compatible with each other, while
AS results present a higher variation. This variation might be due to a not uniform dis-
tribution of 1B, this hypothesis is supported by boron imaging obtained by qualitative
autoradiography. In Figure (4.3) it can be seen that on the borders of the sample there is a
higher concentration of tracks. The pictures for the QNCR analysis were taken in the cen-
ter of the sample, not taking into account the area next to the border. This is confirmed by
LIPO-LCOB-1 sample that does not show the border inhomogeneity, and the result from
QNCR and AS are compatible. To investigate this issue more deeply, pictures on the bor-
der were taken for QNCR, confirming that the mean boron concentration is higher in this
region. For the LIPO-LCOB-2 sample the border has a mean boron concentration of 30 + 3
ppm while the centre has a concentration of 20 + 2 ppm. Therefore, the weighted average
over the area of boron results to be = 23 ppm which is more compatible with the result of
AS.

Table (4.4) refers to the experiment where cells were exposed to cationic liposomes

charged with LCOB, where the initial boron concentration was 1.66 ug/g.

4The concentration of boron in the initial condition is calculated by taking into account the mass of the
cells plus the one of culture. After 4 hours the cells are separated from the culture, therefore the final con-
centration corresponds to the amount of boron inside the cells.
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Figure 4.3: Picture of a sample of cells treated with boronated liposome developed for
qualitative autoradiography, showing border inhomogeneity.
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Sample A‘ggiiil?pg;?g)hy error (ppm) Boroﬁ?ppm) error (ppm)
CTR 2 1.3 1.3 0.2
CTR+LIPO 2 1.3 0.8 0.1
LIPO-LCOB-1 10.7 1.3 12 2
LIPO-LCOB-3 18 5 11 2

Table 4.4: Results of boron concentration measurements with AS and QNCR. CTR stand
for cells not exposed to liposomes, CTR+LIPO are cell cultures exposed only to liposomes
and LIPO-LCOB are cultures exposed to liposomes charged with LCOB. The number after
each name corresponds to a different sample.

As before, from the results of Table (4.3), it can be stated that the CTR and CTR+LIPO
cells contain the same amount of boron. The results for LIPO-LCOB samples are practi-
cally identical with eachother when measured by AS, while for QNCR there is a difference.
It can be seen that the QNCR of LIPO-LCOB-3 shows an higher concentration with an as-
sociated relative error of = 30% due to non-uniform distribution. This error is much higher
than in uniform samples, which is = 10%. To better understand this result, a qualitative
autoradiography picture was obtained: the image is reported in Figure (4.4), that clearly
shows a darker spot on the sample. New quantitative pictures were thus taken in the low
and high track density areas, the results are listed in Table (4.5). By averaging over the two
areas, the mean boron concentration in the sample is 8 + 2 ppm, which is compatible with
the result of AS.

’ area \ Boron (ppm) \ Error(ppm) ‘
Low track density area 7 1
High track density area 17 3

Table 4.5: Results for boron measurements in different areas of the CR-39.

As a conclusion it can be said that the results of the experiments with cationic lipo-
somes charged with LCOB are very promising, in fact the cells not only absorb boron but
they concentrate = 10 times the boron present in the extracellular environment. Usually
the uptake factor in the cell cultures is 0.5 for BPA, thus liposomes with LCOB show an

effectiveness 50 times higher than BPA, at least in these preliminary measurements.
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NS

Figure 4.4: Qualitative autoradiography of a cell sample treated with liposomes loaded
with LCBO, showing an inhomogeneity of boron distribution.
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4.3 Polymeric nanoparticles

The polymeric nano particles are synthesized at the University of Piemonte Orientale,
and are composed by polyethylenoxyde-polycaprolactone with carborane units covalently
bound to the PCL block (PEO-b-PCL) as shown in Figure (4.5). This polymer is composed
by polycaprolactone (PCL), a biocompatible molecule which is already used in several
biomedical applications, showing an excellent biocompatibility. The other section of the
polymer is composed by polyethylene-oxide (PEO), which is used to prevent the interac-
tions with cytokines, thus prolonging the circulation time in vivo. When PEO-b-PCL is
dissolved in water it shows an aggregation into nanosized micelles (10-30 nm), therefore
those polymers are called nano particles. In this experiment the cells were exposed to the

polymeric nanoparticles, with an initial boron concentration of 1.27 ug/g.

W},»thirwﬂt}.nt\ﬁ/\q: MV"MWW‘#:

"'\-
" = \
N £ a-triazolyl
a-triazolyl rboranylpolymer (y-TCP)
carboranylpolymer (a-TCP})

Figure 4.5: Polymeric nano particles structure.

Sample Alggizilzf;i%h Y| error (ppm)
CTR-1 4 1.3
CTR-2 5.3 2
ALPHA-1 6.7 1.3
ALPHA-2 6.7 3.3
BETA-1 4 1.3
BETA-2 3.3 1.3

Table 4.6: Results of QNCR in UMR-106 cells, where the CTR sample was exposed to the
polymer without boron, while the ALPHA and BETA samples are cell cultures exposed to
two different formulation of PEO-b-PCL polymers.

Table (4.6) shows that it is not possible to establish any difference between the samples
not exposed to PEO-b-PCL and the ones exposed to these nanoparticles. Therefore, noth-
ing can actually be concluded from these results, only some suppositions can be made,

about the synthesizing process and the PEO-b-PCL and carborane binding. Something
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could have gone wrong during the cell culture or maybe an insufficient drug dose was ad-
ministered to cell cultures. To exclude that the polymeric nano particle lost boron before
the administration to cells, 1 ml of water containing nanoparticles was irradiated in the
liquid samples holder. The results of the QNRC are shown in Table (4.7). It resulted that
the Alpha polymeric nano particle contain boron. Further analysis must be performed to

exclude or consider these nanoparticles for their use in BNCT.

Autoradiography
Sample Boron (ppm) error (ppm)
PEO-PCL 0.85 0.65
ALPHA 167 7

Table 4.7: The results of liquid samples containing nanoparticles autoradiography. The
PEO-PCL sample corresponds to the nano particle without carborane, while the ALPHA
sample is a polymer bound to a carborane.

4.4 Gold Nano Particles (AuNP)

Gold nano particles are generally considered as innovative and promising drug vectors. In
particular Gold has been selected since it is an inert metal, which is an important condi-
tion for biomedical applications. The nano particles are functionalized at the University
of Firenze with an O-carborane (OCB).

The result of the autoradiography analysis for osteosarcoma cells exposed to AuNP are
shown in Table (4.8). From the outcome of the QNCR it is clear that the cells absorbed
boron: the formulation named Gold1 concentrated 12.4 + 2.5 ppm of 1B, while the one
named Gold2 concentrated 15 + 5 ppm of !°B. Nevertheless an experimental problem
arose: when the cells were removed from the culture medium and centrifuged, it was not
possible to separate them from the AuNP still present in the medium. In order to quantify
the amount of boron remained in the cell pellet UMR-106 cultures were exposed to AuNP
only for few minutes and then separated from the medium in the same way as before. The
results of this experience are shown in Table (4.9): 1°B concentration of 7.7 + 1.5 ppm was
measured in Gold1 and a concentration of 3.7 + 1.5 ppm was measured in Gold2. As the
cells were exposed to AuNP only for few minutes, it is likely that the measured boron is
attached to the cell pellet but not internalized. Thus this concentrations should be taken
into account to when analyzing the results in Table (4.8), that in this way would show that

only Gold2 differentiated from the control samples
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Sample Algg;zil?pgsg)hy error (ppm)
Gold1-1 13.3 4
Gold1-2 11.5 1.3
Gold2-1 14 3.2
Gold2-2 16 6.7

Table 4.8: Results for the Autoradiography of UMR-106 cells exposed to nanoparticles for
4 hours. Goldl and Gold2 are two different gold nanoparticles formulations, while the
second number represents two different samples. CRT cells were measured in the previous
the previous irradiations, showing a '°B concentration of 3.4 + 1.3 ppm of 1°B

Gold1-1 9.3 1.3
Gold1-2 6.2 2
Gold2-1 4 1.3
Gold2-2 3.5 2

Table 4.9: Results for the Autoradiography of UMR-106 cells exposed to nanoparticles for
few minutes. Gold1 and Gold2 are two different gold nanoparticles formulations, while
the second number represents two different samples.
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This very preliminary experiment evidenced the need to set-up a suitable system to
treat the cells after the administration of AuNP, that for their nature are quite different

from the carriers studied before.
In conclusion, the most effective carrier appears to be liposomes charged with LCOB,

at least in these exploratory tests.



Chapter 5

Simulation with The Stopping and Range
of Ions in Matter (SRIM)

In the calibration chapter, Figure (3.1) shows the area distribution of the tracks left by the
ionizing particles on the CR-39 after the etching. As shown in Chapter (1), the diameter of
the track is a function of the track etch rate which depends on the damage of the particle
in the SSNTD. Therefore the area of the track is a function of the energy deposition (which
is a parameter that quantifies the damage) along the trajectory of the particle. In order to
understand how the stopping power distribution of the transmitted particles affects the
area distribution of the tracks, some simulations were performed.

The Stopping and Ranges of Ions in Matter (SRIM) is a free program developed by
Ziegler [55].Inside SRIM there is an application called Transport of Ions in Matter (TRIM),
which has a user friendly interface that allows setting up a simulation of ion transport in
matter. TRIM can be used to calculate the stopping and range of ions with energies that
go from 10eV/amu to 2GeV/amu. To simulate the transport of ions in matter TRIM uses
a quantum mechanical treatment of ion-atom collisions. This calculation is made very
efficient by the use of statistical algorithms which allow the ion to make jumps between
calculated collisions and then averaging the collision results over the intervening gap [23].
During the collisions, the ion and the atom have a screened Coulomb collision, including
exchange and correlation interactions between the overlapping electron shells. The ion
undergoes long range interactions creating electron excitations and plasmons within the
target. These are described by including a description of the target’s collective electronic
structure and interatomic bond structure when the calculation is setup. The charge state

of the ion within the target is described using the concept of effective charge, which in-
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cludes a velocity dependent charge state and long range screening due to the collective
electron sea of the target. TRIM accepts complex targets made of compound materials
with up to eight layers, each of different materials. It calculates both the final 3D distribu-
tion of the ions and also all kinetic phenomena associated with the ion energy loss: target
damage, sputtering, ionization, and phonon production. All target atom cascades in the
target can be followed in detail.

For this thesis, TRIM was employed to compute the mean stopping power of the ioniz-
ing particles, generated in the irradiated samples, and reaching the surface of the SSNTD.

The transport of protons, alpha and Li ions was simulated in water and dry organic
tissue, reproducing the ionizing particles that arise during the irradiation of the sam-
ples, due to neutron capture in boron and nitrogen, other interaction can be neglected.
Protons, alpha and Li ions from neutron capture reactions have well defined energies
and are emitted isotropically in all directions. Before proceeding with the simulation de-
scription, the next chapter will introduce the TRIM interface and its most interesting char-

acteristics.

5.1 TRIM

The TRIM interface is shown in Figure 5.1, the first input parameter is the type of TRIM cal-
culation (top right corner). Since the physical system that will be simulated has a stochas-
tic nature, the correct field to select is Various Ion Energy / Angle / Positions. This option
allows the calculation of TRIM with ions starting at various energies, or with varying tra-
jectory angles to the target surface, or starting at various depths in the target. This option
requires the file TRIM.DAT for the initial ion energy, trajectory and starting position. This
file must be generated using an external Monte-Carlo code that will be reported below.
Alongside the Various Ion Energy / Angle / Positions option the Ion Distribution and Quick
Calculation of Damage was selected. Although there is a more detailed calculation option,
for the purpose of the simulation the Quick calculation is enough, since the quantities
Final distribution of ions in the target, Ionization energy loss by the ion into the target,
Energy transferred to recoil atoms, Backscattered Ions and Transmitted Ions are correctly
calculated also with this option.

The next input data is the lon name, mass, energy and incidence angle. For the pur-
pose of this simulation, there is no need to specify the ion name, mass and incidence
angle, because those parameters are defined in the TRIM.DAT file, selected in the TRIM
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[ 10000 (1 D Special "EXYZ File Increment (&) Main Menu

Figure 5.1: The TRIM Setup Window is used to input the data on the ion, target, and the
type of TRIM calculation that is wanted.
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Calculation option. The only data that must be filled is the maximum energy of the ion,
even if the actual energy of the transported particle is always defined in the TRIM.DAT file.
After the Ion definition, the following input is the target description. Up to 8 layers
can be defined, that can be made up of a compound or a single atom material. A simple
way to define a layer is by searching in the compound dictionary. In addition to the com-
pound stoichiometry, this table provides typical densities and also binding information.
For many light compounds, especially hydrocarbons, this bonding information are later
used to make significant corrections to the stopping powers. For the simulation under
study the selected compounds were: Water(iquid), CR39(solid) and dehydrated tissue.
Before starting the TRIM simulation by clicking on the Save Input and Run TRIM but-
ton, some calculation parameters and output files options must be defined. Default pa-
rameters were selected for the calculation parameters, on the other hand, for the Output
Disk Fles, the box corresponding to Transmitted Ions/Recoils was checked. This activates
the data files for individual ion statistics so that the information about the kinetics of every

Transmitted ion are recorded.

5.2 How TRIM Transports Ions in Matter

Ions in TRIM are transported following the Bethe-Bloch stopping power formula:

dE kZ
Tdx 5_22212 [Lo(B) + Z1 L1 (B) + Z7 L2 (B)] (5.2.1)
where k is a constant multiplication factor defined as k = fn”—e;, where e is the charge of

an electron, m, is the mass of an electron and c is the velocity of light. While § = £ is the
relativistic particle velocity where v is the particle velocity, Z is the target atomic number
and 7 is the particle charge. The latter function between square brackets is also called the
Stopping Number L (). This term will contain all the corrections of the basic two-particle
energy process. The Ly term contains all the corrections factors of the Fano formulation
(Equation 5.2.2). The second term L; usually called the Barkas Correction and the third
term L, called the Bloch Correction will be discussed later in this section.

2mec®?
1-p2

C/Z, is the shell correction for the target atom, (I) is the mean ionization energy of the

C 5
Lo=In —- B - 7 In(Iy — > (5.2.2)

target atom and 0/2 is the density effect correction..



CHAPTER 5. SIMULATION WITH THE STOPPING AND RANGE OF IONS IN MATTER (SRIM) 66

The Primary Stopping Number, L,

The stopping number term, L, contains the largest corrections to the basic high-energy
stopping power formula. The Shell and mean ionization corrections have been evaluated
empirically as a single term by rearranging Equation 5.2.1:

C 2mec?p?

In{I)+ —=1In

SexpB® &
~ T —Lpﬁ——+ZlL1+Z12L2 (5.2.3)
3 _

2
P kZyZ% 2

where S,y is the experimentally measured electronic stopping power. This approach
has the advantage of isolating the two factors in the Bethe-Bloch equation which require
extensive theoretical models. The importance of this approach is for the interpolation of
stopping powers to targets with little experimental data. If the summed terms could be
directly obtained from experimental data, then these can be used to interpolate for stop-
ping powers of similar targets without experimental data. This technique was fist used
by Ziegler to extract the summed correction terms in order to normalize stopping calcu-
lations for targets without data, or to extrapolate to energies without experimental data
[54].

In Figure 5.2 The upper graph shows experimental data for the stopping of H ions in
a target of silver, Ag(47), from 26 papers. The data has been reduced using Eq. 5.2.3, so
the plot indicates the summed terms of In(I) + Z% as a function of ion energy, MeV/u. The
curved line shows the summed corrections, while the straight line indicates the calculated
value of (I)= 351 eV, using the Local Density Approximation. The value of <I> can be em-
pirically determined by moving the curve vertically until it fits the data. The lower figure
shows the summed corrections adjusted by increasing the fitted value of (I) to 491 eV from
the original 351 eV. The theoretical curve agrees well with the data, and can be used to ex-
trapolate to higher energies with confidence. The line called "1% Stopping" in Figure 5.2
is the amount that shell and mean ionization corrections modify the basic Bethe-Bloch
stopping power. At 10 MeV'/u, the shell correction modifies the stopping power by about
6%, while at 100 MeV/u the correctionis 1% .

Before moving on with higher order correction the last term in Eq. (5.2.2), g, is the
density effect correction. This is important when the kinetic energy of the particle exceeds
its rest mass. Therefore it is way out the interesting range of energies for the simulations
that were done. Anyhow this term is also complicated to calculate since it involves the
dielectric constant of the material and there is no simple relationship between its magni-

tude and the target atomic number. In general this correction is larger in lighter atoms,
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Figure 5.2: In(I) + Z% Corrections for Ag. (from [55])

while gas targets have no density correction [55].

The Barkas Correction, L,

If the shell and mean ionization corrections for particles heavier than protons must be
calculate, the Barkas correction term and possible neutralization of the particle have to be
considered, as in Figure 5.3. This high order correction term was stimulated by two kinds
of experimental evidences which highlighted inadequacies in the Bethe-Bloch equation.
The first evidence was the discovery of different ranges for particles at the same velocity
and in the same target, whose only difference was that one had a positive charge and the
other had a negative charge. This was a shocking result, since the Bethe-Bloch stopping
power dependence from the particles charge is proportional to le. Therefore there should
be no difference between positive or negative charged particles. Another experimental
evidence showed errors in the scaling of stopping powers for particles at the same velocity
and in the same target, whose only difference was the amount of charge. Accordingly to

the Bethe-Bloch equation, a particle with charge +2 should have four times the stopping
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Figure 5.3: In(I) + Z% Corrections with both H and He for Ta(73) and Al(13). If needed,
it is possible to include experimental data from heavier ions than H in order to establish
an empirical value of (I). The figures shows experimental data for the stopping of both
H and He ions in a target of tantalum, upper figure, and in aluminum, lower figure, in a
manner similar to that in Figure 5.2. The data has been reduced using Eq. 5.2.3, so the plot
indicates the summed terms of In(I) + Z% as a function of ion energy, MeV/u. (from [55])
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of a similar particle with charge +1. However, the stopping of +2 charged particles was
discovered to exceed the one expected.

Thus the Barkas effect depends on the charge sign and charge magnitude of the par-
ticle. The sign difference was suggested by Barkas. Positive projectiles tend to pull elec-
trons towards their trajectory, while negative particles tend to repel them. This effect be-
comes apparent near the maximum of the energy loss (about 1MeV/amu fow light parti-
cles), while their negligible at high velocities, since the target electrons do not have the
time to move. Concerning the charge magnitude effect, particles with a higher charge will
pass through a slightly higher density of target electrons compared to singly charged par-
ticles, and the stopping power is higher than expected. The Barkas effect is important for
low energies. It is caused by target electrons responding to the approaching particle, and
slightly changing their orbits before any energy loss interaction occurs. Anyhow for ener-
gies <1 MeV/u, the Barkas effect is difficult to isolate in experiments because of the onset
of neutralization of the ion. That is, at low velocities (about 0.6 MeV/u) the ion will begin
to pick up electrons which will cause it’s charge to be partially shielded, causing any target
polarization effects to be overshadowed by more dominant changes in the particle/target
interaction. In conclusion, the Barkas correction may be calculated using a large database
of experiments. The experimental stopping power may be reduced using Eq. 5.2.4 to ex-
tract the Barkas correction for every element with data.

Sexph’

Z1Ly (B) = 7 Lo(B) - Z{ Ly (5.2.4)
1

Otherwise the Barkas correction term, Z; L; may be estimated using:

Llothigh

Zy Ly = (5.2.5)

Liow +Lhigh

where Ljo,, = 0.001E and Ly;gp, = (1.5/E%*) + 4500E'/ Z,

The Bloch Correction, L,

The Bloch term arises from the separation of the impact parameter into two regions. For
small impact parameters, Bloch considered the interaction to be that of free particles, as
Bohr had done before. However, for large impact parameters, he showed that high-order
terms were also necessary, in particular the Zf term. The correction is more important at

high particle velocities, while at low velocities the Bloch correction provides the transition
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to the classical stopping power formula. Bitchsel has proposed a simple parametrization

of the Bloch correction which accurately fits a wide range of high velocity stopping data:

ZZLp = y*[1.202 - y*(1.042 — 0.855y* +0.343y")] (5.2.6)

where y=Zja/fand a =1/137.

Low Velocity Limit of the Bethe-Bloch Theory

Atlow velocities, the particle may capture electrons from the target and partially neutralize
its nuclear charge. The Bethe-Bloch equation, in all its forms, requires a constant particle
charge. Thus a lower limit to its applicability is necessary. Bohr suggested that the electron
orbital velocities would be the critical parameter. Later evidence supported the Bohr view
that one could estimate the particle’s charge neutralization by assuming it to be stripped of
all electrons whose classical orbital velocities were less than the ion velocity. This concept
was later formalized form by Northcliffe as:
Zy

219 ex
2 p

where Z;" is the statistical net charge on the partially neutralized ion. At high velocities,
Z;'1Zy = 1 when the ion is fully stripped. This expression is useful in the analysis of heavy
ion stopping data, but it is not considered accurate for low mass ions. The term statistical
net charge (or effective charge) is sometimes defined as the charge state required to reduce
the calculated Bethe-Bloch stopping to the experimental stopping values. The implication
is that it accounts for the partial neutralization of some of the ions, or it compensates for
polarization of the target electrons. Clearly, a proton cannot have a charge of 0.9 units. But
this value can reduce, measured low velocity proton stopping powers, averaged over many
protons, to the calculated value because of partial neutralization of some of the protons.
However, a more reasonable interpretation is that the Bethe-Bloch theory is being used

beyond its limits, and that this term is just a fitting parameter.

Accuracy of the stopping power theory

In Figure 5.4 the various contributions towards the stopping of protons in aluminum are
plotted. All contributions are shown as a percentage of the total stopping number, L. The

contribution ordinate exceeds 100% because some of the terms are negative. The primary
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Figure 5.4: Contribution of various stopping corrections for AL(13).

stopping contribution arise from the original Bethe-Bloch equation (where the Barkas and

Bloch corrections were non considered), where F () is:

2mec?p?
1-p2

The correction terms which are important to low energy stopping are the shell correc-

F(B)=In (5.2.8)

tion, C/Z,, the Barkas correction, L;, and the Bloch correction, L,. The Bloch correction
contributes less than 1% to the stopping at all energies. For very high energies, the only
significant correction term is the density correction, §/2, which contributes less than 1%
for energies below 1 GeV/u.

What can be seen in Figure 5.4 is that all the corrections to the original Bethe-Bloch for-
mula are theoretical concepts corrected to fit experimental data. Thus a question might
arise about, How accurately the stopping powers can be calculated. In Figure 5.5 the ex-
perimental/calculated values for the stopping of He ions in nickel targets are shown. There
is a significant spread of experimental data beyond the 1% accuracy. For nickel targets,
data from 30 papers shows agreement only to about +3%. However, this spread may be
due to different experimental conditions. Studies have shown that metal films prepared
by different methods (rolling, evaporation, sputtering, etc.) may have significantly differ-
ent texture, which is defined as the degree to which the crystalline grains are aligned along

a common axis. Hence, some of the observed variation in stopping powers may actually
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Figure 5.5: Calculated Accuracy for the stopping of He ions in nickel.

be "real", i. e. due to structural differences in the targets and not just due to experimental
errors.

Finally, it should be emphasized that chemical binding effects (usually called CBE) and
physical state effects (PSE) are well know to cause changes in stopping powers. For water
targets in gaseous vs. solid targets, the PSE can reach 30% for low energy light ions, < 50
keV/amu. These effects are estimated to change stopping powers by less than 1% for ions
with energies above 10 MeV/amu. For energies from 1-10 MeV/amu, both CBE and PSE
may cause a few percent change in stopping powers, especially for light target atoms, Z, <
10.

The Stopping and Range in Compounds

An easy way to calculate stopping power in compounds is the Bragg Rule, that allow es-
timating it by linear combination of the stopping powers of the individual elements [50].
The accuracy of Bragg’s rule is limited because the energy loss to the electrons in any ma-
terial depends on the detailed orbital and excitation structure of the matter, and any differ-
ences between elemental materials and the same atoms in compounds will cause Bragg’s
rule to become inaccurate. Further, any bonding changes may also alter the charge state
of the ion, thus changing the strength of its interaction with the target medium.

Other approaches have been introduced to estimate the stopping power in compounds,
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one of those is the Core and Bond approach (CAB). The CAB suggested that stopping pow-
ers in compounds can be predicted using the superposition of stopping by atomic "cores"
and then adding the stopping due to the bonding electrons. The core stopping power
could be easily calculated following the Bragg’s rule, while the chemical bonds would con-
sider the correction of the compound stopping power. The correction from the bonding
electrons depend on the chemical nature of the compound. As an example, hydrocarbons
could have single, double and triple bonds between two carbon atoms. Each of this bonds
contribute to the stopping power in a different way, as show in Figure 5.6.

SRIM uses this approach to generate corrections between Bragg’s rule and compounds
containing the common elements in compounds: H, C, N, O, E S and Cl. These light atoms
have the largest bonding effect on stopping powers. Heavier atoms are assumed not to
contribute to stopping because of their bonds. The Compound Dictionary in TRIM con-
tains the chemical bonding information for about 150 common compounds. The CAB
approach that SRIM uses has been tested on more than 100 compounds, from 162 ex-
periments. SRIM correctly predicts the stopping of H and He ions in compounds with
an accuracy of better than 2% at the peak of the stopping curve, =125 keV/u. Finally, for
compounds with heavy target elements, SRIM simply uses the Bragg Rule to calculate the

stopping power, as shown in Figure 5.8.

5.3 The TRIM.DAT file

In the Section 5.1 the TRIM.DAT file has been introduced as necessary to simulate ions
with various energies, with various angles of incidence and possibly starting at various
depths. In this section there will be a description of the file layout and an illustration of
the Monte-Carlo code used to generate it.

Figure 5.9 explains all the characteristics of the TRIM.DAT file. The first ten lines are
comment lines, while line 8 is a description of the TRIM simulation which will be writ-
ten in the output file. After the 10 comment lines there are the input data, grouped in 9
columns every line. The first column is reserved for the event name, which must be five
characters long. Following the name, there is the atomic number of the transported ion
during the TRIM calculation followed by the energy expressed in eV. The next three values
give the position inside the previously defined layer in dngstrom. While the last three are
the direction cosines, which define the initial momentum vector of the simulated Ion.

The generation of the TRIM.DAT file can be easily achieved by using a Monte-Carlo
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Figure 5.6: Core and Bond stopping values. Those are the stopping powers associated with
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Helium Stopping in Water Vapor and Liquid
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Figure 5.7: The plots shows He ions in water, this data clearly shows the "phase effect" for
water in gaseous phase and for water in solid phase. All the solid lines are SRIM calcula-
tions for H, O or H,O in either gaseous or solid state.
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Figure 5.8: Bragg’s Rule Accuracy in Heavy Compounds.
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TRIM.DAT: TRIM - various Incident Ion Energies/Angles and Depths
Comment: Top 10 lines are user comments, with line #8 describing experiment.
Comment: Line #8 will be written into all TRIM output files ( various files: *.txt).
Comment: Data Table line consist of: EventName(5 char.) + 8 numbers separated by spaces.
Comment: The Event Name consists of any 5 characters to identify that line.
Comment: Typical Data File is shown below, with a variety of numerical formats, all acceptable.
Comment: Note: cos(X) = 1 for normal incidence; cos(X) = -1 for back towards the target surface.

Ar Plasma Ilons into Si (1000A thick) (Energies 20-80 keV, Various Angles)

Event Atom Energy Depth  -Lateral-Position- Atom Direction

Name Numb (eV) X A YA _ZA CosX) Cos(Y) Cos(Z)
A-1 18 12345 0 0 0 1.00000 .000000 -.000000
abcde 18 54321 0 0 0 0.62344 -295513 .003415
AA#] 18 1.31E4 123 0 -154 0.34234 -336437 -.017437
C-3 18 123.55 1230 432 12.3E2  -0.23258 -.543453 443483
AA-1 18 0.123E2 0 -10 -12 0.99998 .000012 -.000017

Figure 5.9: TRIM.DAT - Sample File for Varying Energy/ Angle/ Depth.

code, which defines for each particle (proton, alpha and lithium ions) the energy, the po-
sition and the direction cosines. Moreover, to make the simulation more efficient and

refined, the ions are extracted following the experimental results of chapter 3

Charged particles transport in the analyzed samples

SRIM was used to transport the charged particles arisen during the neutron irradiation
of the liquid and tissue samples to be analyzed by QNCR. The goal is to know the energy
and the stopping power of the particles transmitted across the sample and reaching the
SSNTD, in order to study the effect of the stopping power on the counted tracks. The
transport was simulated in water, because the tissue stopping power is not too different
from the stopping power in water, and the results obtained for water can be extended to
tissue.

The TRIM.DAT file was created with a ROOT Monte Carlo code written on purpose.
This code generates: the atomic number of the transported ion and its energy, the starting
position and the direction of the ion. The ions were extracted accordingly with the type of
simulation. The simulation calculates the transmitted stopping power distribution of all
the particle together (protons, alpha and lithium ions). Accordingly to the experimental
neutron fluence and the cross section for neutron capture on boron and nitrogen a defined

quantity of protons, alpha and lithium ions are extracted.
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’ Atom ‘ Natoms ‘ o (barn) ‘ Ninteractions

N [ 2.6x108 1.8 2.4%x10°
10 6x10% 3842 6x10°

Table 5.1: Number of particles that have to be simulated.

After the extraction of the particle, the code generates the particles energy following a
uniform distribution of the Branching Ratio. The next step is the extraction of the starting
position of the particle inside the sample layer. Here the depth of the layer should be care-
fully selected, it should not be too large otherwise the efficiency of the calculation would
be low. Moreover it should not be too small otherwise the "reality" of the simulation would
be lost, since the transmitted particles coming from deeper regions inside the sample are
not simulated. To choose the proper depth the range of the different ions was considered.
The largest range is the one of protons (12 um). Therefore the code extracts the depth fol-
lowing a uniform distribution going from 0 till 20 um. While the lateral distribution aims
to reproduce the real conditions of the sample irradiation, which has a lateral thickness
of 1 ¢m in both z and y directions, therefore a uniform distribution was selected to gen-
erate the y and z points. Finally the direction cosines were generated following a uniform
distribution over a spherical surface.

Accordingly to the simulation parameters specified in the above paragraph, the num-

ber of ions to simulate was calculated by using the following equation:
Ninteractions = Natoms =0 - @ (6.3.1)

where Njnteractions are the number of interactions from the neutron capture reaction,
Natoms are the number of atoms present in the previously defined volume (2 x 10-3cm?),
o is the cross section of the reaction and ® is the neutron fluence during the irradiation
(5.2x10'%m™2). By simulating a sample with 50ppm of !B and 3% of the total mass com-
posed by N, the number of particles that have to be generated are shown in Table (5.1).

In conclusion three TRIM.DAT files were generated, one for each simulated particle
type. These files were used to generate a TRIM simulation, where the particles were trans-
ported in liquid water. The result of the simulation are stored in an output file, where
all the transmitted ions are registered, together with their energy, exit position and flight
direction. These data were processed as described in section (5.4).

TRIM output file structure is very similar to the input TRIM.DAT file one. The first 12
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lines describe the content of the file and the TRIM simulation. Subsequently the data starts
atline 13, here only the particles that are transmitted are stored. The data associated with
each particle are in order : Ion Number!, Atomic Number, Energy in eV, the (x,y,z) position
of the transmitted particle and its flight direction specified by the direction cosines.

Comparison between tissue and liquid sample simulations.

For both liquid and tissue samples it is important to compare the experimental and sim-
ulation results. Since the atomic composition of the tissue is not known with high preci-
sion, the ions were transported in water. This approximation is justified by the fact that
the stopping power difference in liquid and tissue is small. To make this comparison the
SRIM stopping power tables were used, for the stopping of hydrogen, helium and lithium
ions in water and a normal composition of dry tissue 2. For the purpose of the simulation
the stopping power of each transmitted particle is needed. Therefore the SRIM stopping
tables for protons, alpha and lithium ions in water were used. A graphical representation
of those tables can be seen in Figure (5.10). The selected Stopping Power tables are in the
range between 1 eV and 2 MeV. Higher energies are of no interest since the highest energy
of the simulated particles is 1.78 MeV of helium ion coming from the neutron capture in
boron.

From the calculated stopping power tables, the percentage difference between liquid
and tissue can be obtained?. Figure (5.11) shows the difference for protons, alpha and
lithium ions. As shown, the stopping in tissue for the alpha particles can be up to 11% less
than in water for energies around 400 keV. Taking into account that the maximum energy
of helium ions is = 1.8 MeV, the mean difference in stopping power for this ion is = 8 %.
This means that the simulation results for the alpha particles in tissue has a relative error
of = 8 %. The same considerations hold for protons and lithium ions. Figure (5.11) shows
that the stopping in tissue is always less than in water, and the difference is = 10 % for the
protons and = 8 % for the lithium ions.

The experimental results have a relative error of = 10 %, this means that simulating

the tissue like a water sample is a valid approximation for the QNCR working conditions.

'The Ion Number specifies to which ion in the TRIM.DAT file the transmitted data corresponds to.

2A dry tissue is needed since the sample of tissue dries up when exposed to the air. To obtain its com-
position a normal muscle tissue defined in the SRIM compound tables was used. Since the loss of weight is
known and supposing that all the loss is due to the evaporation of water, the compound stoichiometry has
been redefined, obtaining the composition of dry tissue.

3To calculate the percentage difference, the stopping power in tissue was subtracted to the stopping
power in water and the percentage refers to the stopping in water.
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Figure 5.10: The Stopping Power of protons, alpha and lithium ions at variable energies in
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Figure 5.12: The Stopping Power distribution of transmitted protons.

Therefore the results obtained from the transport of ions in water can be used to compare

both tissue and liquid data obtained from the experiments.

5.4 Results and conclusion

To analyze the TRIM output files, a C++ program in ROOT environment was created. This
code starts with reading the output file and storing in arrays: the energy, the (y,z) position
of the transmitted ions and the angle that the flight direction forms with the normal to the
y-z plane. The next step is to determine the stopping power of each transmitted particle
from its energy. This is achieved by taking two adjacent points in the stopping power table,
which defines an energy range. If the transmitted particle energy falls in this range, a linear
interpolation of the two stopping power points is taken. From this interpolation the stop-
ping power of the transmitted particle is computed. Finally, the stopping power is stored
in an array, where the index of all the generated arrays uniquely defines one transmitted
particle. It is then possible to plot the stopping power distribution of the transmitted ions,
shown in Figure (5.12) for protons, in Figure (5.13) for alpha particles and in Figure (5.14)

for lithium ions.
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The ion with the highest stopping power is the lithium particle, it is approximately
uniformly distributed between 0.5 and 3.5 keV'/ (ug/cm?). The alpha particles have a peak
of stopping power between 2 and 2.3 keV/(ug/cm?), while about 20% of those particles
have a stopping less than 2 keV'/(ug/cm?). Protons contribute to the stopping power only
in the low region, between 0.35 and 0.9 IceV/(,ug/cmz).

It is interesting to see how the stopping power distributes when all the simulated par-
ticles are considered together and to compare this result with the experimental outcomes.
For this purpose the tissue and liquid samples with 50 ppm of boron were considered.
Figure (5.15) represents the simulated stopping power distribution of the transmitted par-
ticles in liquid samples with 50 ppm of boron. Figure (5.16) shows the experimental dis-
tribution of the area of the counted tracks. Although the relation between stopping power
of the ionizing particle and track evolution is not presently known, there is a correlation
between the stopping power of the particle and the area of the track. In particular, the
higher is the stopping power of the particle, the larger the track will become. Moreover,
comparing the two distribution, it is clear that the response of the SSNTD is not linear
with the stopping power of the particle. Although the two histograms have similar behav-
ior, in the simulated stopping power distribution there is an initial plateau before reaching
a peak of events followed by another plateau with less events. Anyhow there is a difference
in the number of detected events: the number of transmitted particles in the simulation
is 42515 + 210, while the counted tracks in the experimental conditions are 24325 + 160.
This means that = 43 % of the transmitted particles are not detected. This might be due to
the critical angle 0.: particles are detectable when the track etch rate V; is higher than the

bulk etch rate Vj, following the relation:
Vi < Vicos(0) (5.4.1)

where 0 is the angle between the particles trajectory and the bulk etch direction. The
critical angle condition corresponds to V;, = V;cos (8.). The angle of incidence may not be
the only reasons of event loss, the etching removes = 3.3 um of the SSNTD. As discussed in
chapter 3, taking pictures in the same place at different etching time did not evidence any
track loss, with etching times up to 240 min. Therefore, the loss given by the etching can
be neglected in comparison to the loss given by the angle of incidence of the damaging
ionizing particle.

For the 50ppm tissue sample also the proton contribution to the total stopping power

distribution must be considered, since 3% of the total mass of an organic sample is com-
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posed by nitrogen. Figure (5.17) represents the simulated stopping power distribution of
the transmitted particles in tissue samples with 50 ppm of boron*. The resulting stopping
power distribution differs from the liquid sample for the peak at stopping powers between
0.25 and 0.75 keV/(ug/cm?). This difference is due to energy deposition by the protons.
The experimental results of the area distribution of the counted tracks can be see in Fig-
ure (5.18). As in the case of the liquid samples, there are similarities between the stopping
power distribution and the distribution of the track area. Two peaks can be distinguished,
one between 1.5 and 3 x 10> mm? which should be given by the contribution of alpha and
lithium particles, and the second between 0 and 1 x 10~°mm?, that should be due to the
overlap of protons, lithium and alpha particles tracks. To compare the simulated num-
ber of tracks with the experimental tracks, the simulated outcome must be normalized by
the corresponding number of pictures and by a calculated fluence used for the simula-
tion, while the experimental value must be normalized over the number of pictures and
multiplied by the dry to fresh mass ratio.

As discussed in Chapter 3, the calibration was obtained considering a threshold on the

2 avalue between the

area of the counted tracks. This threshold was set to 1.4 x10™°mm
two peaks for the tissue samples, and before the high peak in the liquid sample. Com-
paring these conditions with the simulated ones, the high peak should contain = 70 % of
alpha particle tracks and = 30 % of lithium tracks®. For area values below the threshold, the
simulations tells that = 30 % of the tracks come from lithium ions, another = 30 % comes
from the alpha particles and = 40 % of the tracks are due to protons®. To conclude, the
simulation of the irradiation conditions demonstrated that the imposed threshold value is
a valid method to select only the events coming from the neutron capture in boron. Even
more, it showed that for tissue samples there is the possibility to count the number of pro-
tons. This can become an interesting parameter, since it could be a way to keep track of
the amount of material seen by the SSNTD. This is important when comparing organic
materials with different thickness. Till now a mere comparison of the stopping power and
area distribution was shown, in the last section an attempt was done to establish the stop-

ping power dependence from the track etch rate, in order to simulate the area distribution

“The ions have been transported in water, since the real tissue composition is not known with great ac-
curacy. This approximation is valid up till a few % as discussed in section (5.3).

5This result is true for both liquid and tissue samples, since protons contribute to the area distribution
only in the low region, < 10 x10~* mm?

bfor the liquid sample this result is different, since there is no contribution to the area distribution by the
protons. Therefore in this region 50% of the tracks are given by alpha and an other 50 % are give by lithium
ions.
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from the simulated stopping power data.

Track etch rate V; as a function of the Stopping Power

In literature the stopping power dependence from the track etch rate can be found for
high energy ionizing particles [31], while the ions considered for BNCT have energies <«
1 MeV/amu. This means that the stopping power of those particles can vary along their
trajectory, as shown in the previous section. Moreover the angle of incidence of the par-
ticles is uniformly distributed along all the solid angle seen by the detector, consequently
the tracks on the CR-39 are not perfect circles. Anyhow from the area distribution of the
tracks (Figure (5.16)) and the stopping power distribution (Figure (5.15)) for liquids, it can
be seen that before the peak at high areas/stopping powers there is a plateau in both his-
tograms. From this observation a relation between the stopping power of the particles
and the effect on the CR-39 was extrapolated, knowing that for normal incidence the area

A goes as:

V+1

where h is the amount of etched CR-39 and V is the ratio between the track etch rate and

A=7n-h (5.4.2)

bulk etch rate, as explained in Chapter (1).

The ratio V depends from the stopping power E; and it is usually expressed as a poly-
nomial expansion of E;. To obtain this quantity, the experimental area distribution was
linearly fitted in the plateau range. The fit parameters were then used to fit the linear
range of the stopping power by substituting the area variable of the first fit with Eq. (5.4.2),
were V was replaced by a polynomial expansion of Ej, the resulting fitted V equation is:

V=14-4x10°E+7x10*E* - 4.6 x 10 "E>+1.1x 10 %E} (5.4.3)

By using Eq (5.4.3) the liquid stopping power distribution shown in Figure (5.15) was
used to generate the simulated track area distribution, This result is shown in figure (5.19).
It can be seen that the experimental and simulated curves are in agreement for the plateau
region of the area distribution, while the simulation presents a peak at low areas and an
its peak at 2 x 10—5mm? is higher. This result was obtained using many approximations.
Refining the simulation, for example by taking into account a homogeneous angle of in-
cidence and a better parameter for the local energy deposition like the restricted energy

loss’ (REL), an accurate dependence of the track etch rate from the stopping power may

"The restricted energy loss is a quantity that wants to estimate the amount of energy deposited by the
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be calculated.

ionizing particle along the track, therefore not considering drays that deposit energy far away from the par-
ticle. The REL is defined by a threshold value on the transferred energy for a single collision, therefore energy
transfers greater that this threshold are not taken into account for the REL evaluation.



Chapter 6
Conclusions

The purpose of this thesis was to provide a method to determine boron concentration in
liquid and tissue samples by neutron autoradiography. This technique was optimized by
a study of its parameters as the irradiation time and the etching conditions, and it was
made more efficient by implementing an automatized system to take the images. The
images were analyzed by classifying the tracks according to their area and their radius
ratio. The calibration curve obtained using standard samples with known boron concen-
tration is satisfactory since the relative error of the slope is lower than the error affecting
the measurement of each sample. Anyhow, the calibration curve for tissue could be fur-
ther improved by increasing the number of known standard 9B concentration, therefore
increasing the number of points and decreasing the error of the fit.

This method was applied to measure cell cultures samples, that had been treated with
boron. In particular, UMR-106 Osteosarcoma cells were cultured in presence of BPA and
new boronated formulations provided by University of Florence.

In the present work, the autoradiography results were compared to the one of alpha
spectrometry, which is another technique for 1B concentration measurement used in
Pavia. The results proved that the techniques are in good agreement, supporting that they
are both suitable for the determination of boron concentration in biological samples, al-
though liquid samples cannot be measured by spectrometry because they cannot be ir-
radiated under vacuum. A difference between the two techniques lies in the information
retrieved: from this point of view, autoradiography is particularly interesting for BNCT be-
cause it can determine the micro-distribution of boron in tissues, both in patients and in
animal models. In the past few years it has been highlighted that a homogeneous distri-

bution of boron in tissue might play an important role for the positive outcome of BNCT.

89
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Therefore, it is important not only to develop a new drug ensuring higher tumor to tissue
boron concentration ratio, but also a low intra-tissue variability of 108 content within the
tumor mass and healthy tissue.

To date, no noninvasive online methodology to estimate boron concentration in pa-
tients during BNCT has been set-up, apart from PET mediated by fluorinated BPA. This
technique has still the limitation that cannot provide precise concentration measurements,
but it only gives information on gross boron concentration ratios between tumor and
healthy tissues. Thus, the clinical trials are based on the assumption that the tissue boron
values for a particular patient can be directly extrapolated from blood boron concentra-
tion. Waiting for the development of new in-vivo boron measurement techniques as MRI
guided boron imaging, neutron autoradiography allows obtaining more precise results
and it could be useful also in clinical BNCT because bioptic samples could be analyzed.
On the other hand, also concentration in blood represent an important knowledge for ex-
ternal BNCT irradiation, because neutron capture in boron could damage the blood ves-
sels. For this reason, the autoradiography technique was employed to measure samples of
boron mixed with BPA at known concentrations, prepared by forming strips on the CR-39
surface, the result of this first attempt are still under analysis.

Further improvements in the autoradiography could come from a deeper understand-
ing of the energy deposition of the ionizing particles in the SSNTD, in order to gain a better
knowledge of the track formation due to particles at energy between 1 keV and 2 MeV. By
these means, the histograms of the track area can be connected to the stopping power dis-
tribution of the incident ionizing particles, thus refining the separation of protons from
lithium ions and alpha particles. This could be achieved by a more performing micro-
scope, which can also be used to increase the resolution of the B micro distribution
in the tissue samples. An interesting feature of autoradiography is the possibility to de-
velop a technique to calculate the dose to volume histogram (DVH) in small volumes of the
tread organs, which can be used to compare BNCT with conventional radiotherapy and
hadrotherapy. Moreover the autoradiography could be employed for DVH calculation in
these sub-volumes, reaching resolutions of = 102 mm?3, which can be interesting for the
quantification of micro-metastases around the tumor, particularly important for the ap-
plication of BNCT on osteosarcoma. A consequence of an improved DVH calculation with
autoradiography can be to better interpret the radiobiologic outcome of BNCT.

The preliminary experiments performed in this thesis work, show that osteosarcoma
cells uptake boron if exposed to some of the new boronated formulations tested, in par-

ticular, the most promising values were obtained with liposomes loaded by LCBO. Further
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experiment are needed in order to confirm the observed cell behavior. Neutron autora-
diography was proved to be a powerful tool to analyze both liquid and solid biological
samples and will be routinely employed by BNCT research group working at University of

Pavia.
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