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Introduction

The concept of Boron Neutron Capture Therapy (BNCT) was first introduced four years

after the discovery of the neutron1 by G.L. Locher, a biophysicist of the Franklin Institute

at Pennsylvania [26]. The technique is based on the reaction 10B(n,α)7Li 2 which has a

cross section of 3842b at thermal neutron energies as it is shown in Figure 1.

The α particle and the recoiling 7Li 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 10µm. 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 γ ray that is emitted from the excited
7
Li in 93.9% of the capture reactions. With a

facility dedicated to BNCT, it is usually possible to measure few ppms of 10B in relatively

large samples (0.5 cm3) 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:

10B + n =⇒
{

7Li+α ELi = 1.01MeV ; Eα = 1.78MeV (6%)
7Li∗+α+γ (0.48MeV) ELi = 0.84MeV ; Eα = 1.47MeV (94%)

3
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It  is  obvious  that  the  last  two  criteria  are  contending.  Hence,  a  compromise  has  to  be  found.  
It   is   important   to   point   out   that   all   the   common   reactions   used   to   detect   neutrons   result   in  
charged  particles.  Possible  reactions  are:  

  
Possible  nuclei  for  the  neutron  converter  material  [2]  are:  
  
10B(n, )  

10B+n          7Li+             2.792MeV  (6%)  
      7Li*+ + (0.48  MeV)     2.310MeV  (94%)  
ELi+E =Q=2.31  
mLivLi=m v   

EmEm LiLi 22   =>     ELi  =0.84  MeV,  E =  1.47  MeV  (94%)  
   ELi  =1.01  MeV,  E =  1.78  MeV  (6%)  
The  neutron  capture  cross  section  (Fig.  2):   =  3842  b  (0.0253  eV).  
The  natural  boron  has  abundance  of  10B  19.8%.  

6Li(n, )  
6Li+n          3H+             4.78MeV  
E3H=2.73MeV,  E =2.05MeV  
The  neutron  capture  cross  section  (Fig.  2):   =  942  b  (0.0253  eV).  
The  natural  lithium  has  abundance  of  6Li  7.40%.  

3He(n,p)  
3He+n          3H+p            0.764MeV  
E3H=0.191MeV,  Ep=0.573MeV  
The  neutron  capture  cross  section  (Fig.  2):   =  5320  b  (0.0253  eV)  
It  is  commercially  available,  but  expensive  material.  

    
Fig.  2   Neutron  capture  cross  sections  of  3He,  6Li  and  10B  [3].  
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Figure 1: Neutron capture cross section of 3He, 6Li and 10B.[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
10B(n,α)7Li nuclear reaction. Thus, alpha and lithium particles as well as the γ-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

Spectrometry3 [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 10B 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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Klein and Siegal / OSTEOSARCOMA

make the correct diagnosis. Because osteosarcoma may differ-
entiate along all or any of these pathways of matrix synthesis,
it has more of a histologic similarity to fracture callus or
fibrous dysplasia than it does to differentiated bone
matrix–producing tumors such as osteoid osteoma or
osteoblastoma. This has given rise to the 3 traditional subdivi-
sions of osteoblastic, chondroblastic, and fibroblastic
osteosarcoma. In actuality, most osteosarcomas demonstrate
varying amounts of all 3 cell types and matrix. Consequently,
division into any one of these types is arbitrary and capricious
but generally is meant to signify greater than 50% predomi-
nance of any histologic type.

Although osteosarcoma usually arises in the medullary
cavity of the metaphysis of a growing long tubular bone, it
also may arise on the surface of a bone, it may be confined to
the cortex, or it even may arise in an extraskeletal site. The
osteosarcomas arising on the bone surfaces are about 20 times
less frequent than their medullary counterparts. Interestingly,
the majority of osteosarcomas of medullary origin are high-
grade, whereas most arising on the surfaces of bones are of
lower grade. Patients with surface osteosarcomas are often a
decade or more older than typical patients with central
osteosarcomas. Occasionally, high- and low-grade elements
may be present in any given case of osteosarcoma. In these
cases, the biologic behavior is usually that of the histological-
ly highest grade area of the neoplasm.

Patients with osteosarcomas usually have nonspecific
clinical symptoms, the most common of which is pain for sev-
eral weeks or months. The pain often begins insidiously, but
by the time patients come to medical attention, their pain is
present at rest or even disturbs their sleep. The most common
sign is a mass that is almost always firm and tender. There
may be superficial erythema, venous distension, or other signs
of hypervascularity. There may be a limp, loss of function, or
even decreased range of motion. Any of these symptoms or
signs is cause for further clinical investigation.

The imaging studies usually suggest a malignant
tumor; at least half the time the specific diagnosis can be
made from conventional radiographs. Especially character-
istic is an ill-defined radiodensity occupying the metaphy-
seal region of a long bone. The intraosseous density often
has a diffusely cloudy or fluffy appearance. Although there
is seldom a fracture or cortical infraction in osteosarcoma,
it is usual for the tumor to permeate the extant passages
not only between osseous trabeculae but also of the
Haversian systems and Volkmann canals. As the tumor
reaches the outer cortical surface, the periosteum is dis-
sected from the bone. The cambium layer of the inner
periosteum reacts to separation from the cortex by produc-
ing new bone, which is sometimes visible as an incomplete
bony shell that appears attached to the bone surface on
only one end and is open or discontinuous in the middle, a

so-called Codman angle. Other kinds of periosteal reac-
tions may cause so-called sunburst or hair-on-end radi-
ographic densities !Image 1!.

Although periosteal new bone formation sometimes is
associated with benign conditions, periosteal reactions associ-
ated with malignant tumors usually are discontinuous, imply-
ing that the tumor growth is too rapid for periosteal contain-
ment.6 In some cases, conventional radiographs may suggest a
malignant tumor that is not osteosarcoma.7 This is especially
true when a large proportion of the osteoid matrix in an
osteosarcoma is not well mineralized. In rarer cases, the radi-
ograph may not even appear to represent a malignant tumor.8

It must be kept in mind that although radiographs usually cor-
relate well with histologic studies of bone tumors, radiographs
merely reflect statistical odds ratios and, thus, the likelihood
that a lesion is, first, a tumor, and second, malignant or benign.
Like all statistics, there are some lesions of bone that are out-
liers and may not correlate well with the radiographic appear-
ance; this is precisely the reason that even classically appear-
ing bone lesions must be biopsied !Image 2!.

Historically, the malignant nature of osteosarcoma
became obvious with the appearance of lung metastases, usu-
ally in about 18 months to 2 years after first diagnosis, and the

A B

!Image 1! A, Lateral radiograph of the distal femur
demonstrates typical radiographic features of osteosarcoma.
Radiodense, cloudy bone lies within an ill-defined
radiolucency of the femoral metadiaphysis. The arrows delimit
a very large soft tissue mass containing bone matrix. A
Codman angle periosteal reaction is highlighted with an
arrowhead. B, Lateral radiograph in a different case
demonstrating a very large extraosseous, radiodense mass
that contains extensively interrupted periosteal “streamers,”
forming a “sunburst” periosteal reaction.

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 10B 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 characteristics4 [4]; it is absorbed

4A 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 µg /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 5 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 calculations6, 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 : ν ± σ where ν is the mean of the gaussian distribution and σ 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 10B inside samples

of biological materials that can be solid (tissues or cells) or liquid (urine, blood). The neu-

tron capture on 10B 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, α 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 10B 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
reactions

Cross section
(barn)

En = 25meV

Emitted particles
Type Proportion Energy

(%) (MeV)

Q Value
(MeV)

6Li (n,α) 3H 954
3H 100 2.73
α 100 2.05

4.8

10B (n,α) 7Li 3842

7Li 6 1.78
α 6 1.01

7Li 94 0.84
α 94 1.47

2.8

14N
(
n,p

)
14C 1.75

14C 100 0.042
p 100 0.584

0.63

17O (n,α) 14C 0.23
14C 100 0.404
α 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 1.

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

1For 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 10µm 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 10−5 to 10−6 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 dE
d x , where dE is the energy

lost in the distance d x. 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:

−dE

d x
= Z 2e4

4πε2
0m0v2

N

[
ln

2m0v2Wmax

Ī 2
(
1−β2

) −2β2 −δ−U

]
(1.0.1)

Where Z is the charge of the incident particle, v its velocity, β= v/c, m0 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, Wmax the maximal value of transferred en-

ergy of electron, δ 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 Ze f f . This is not the real charge Z1 of

the particle, since it can assume non integer values, but it represents the mean charge that

a bunch 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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there is not a single complete theory that satisfactorily explains track formation and calculates the
parameters related to the tracks.

The simplest case of track development refers to that when the incident particle enters a detector
under normal incidence with respect to the detector surface as shown in Fig. 1. In this figure, I is the
initial detector surface, I0 is the surface after the etching, Vt is the etch rate along the particle trajectory
(track etch rate), Vb 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 OE = R is the particle
range in the detector material. The distance between I and I0 is equal to h, i.e., the thickness of the layer
removed by etching, L0 is the total distance traveled by the etching solution along the particle track, and
L is the track depth.

In one aspect, track development is analogous to wave propagation. According to the Huygen’s
principle, each point in the wave front is the source of a new spherical wave. In the case of the track
development, a hemisphere with a radius h = Vbt (t is the etching time) is formed around each point on
the detector surface, except in the direction of the particle path where the etching progresses with the
rate Vt.

Track development is governed by the ratio V = Vt/Vb and track formation is not possible if V is
smaller than or equal to 1. In other words, the condition V > 1 must be fulfilled to form a track. The
angle d in Fig. 1 is called the local developing angle.

From the similarity of triangles in Fig. 1, it can be observed that:

sin d ¼ 1

V
(2.1)

As mentioned earlier, the etching progresses in all directions with the rate Vb except along the particle
path where the etching goes with the rate Vt. In three dimensions, the track is a cone with the
developing angle d, which is obtained by rotation of the track wall around the particle path. The circle
A in Fig. 1 represents the revolution of a point on the track wall around the particle path. During
etching, the track wall moves parallel to itself.

There are different phases of the track development which will be discussed later in details. The
geometry of the track development has been considered by a number of authors (e.g., [24–34]).

2.2. Geometry of track development for constant Vt

2.2.1. Constant Vt and normal incidence
Recalling the analogy between track development and wave propagation according to the

Huygen’s principle, track development can be visualized as something similar to the wave formation

D. Nikezic, K.N. Yu /Materials Science and Engineering R 46 (2004) 51–123 55

Fig. 1. Geometry of the track development. The incident angle is normal with respect to the detector surface, and Vt is
constant.Figure 1.1: Geometry of the track development. The incident angle is normal with respect
to the detector surface, and Vt 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,

Vt is the etch rate along the particle trajectory (track etch rate), Vb 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 OE = R is the particle range in the

detector material. The distance between I and I ′ is equal to h, 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 Vb and

the track etch rate Vt . These quantities describe the development of the etching during a

period of time t . It can be assumed that tracks development is analogous to wave propa-
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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 = Vb · t . This happens all over the surface, except in

the direction of the particle path, where the etching progresses with the rate Vt . Moreover,

the track develops only when the ratio V=Vt /Vb 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 δ can be defined

as:

sinδ= 1

V
(1.0.2)

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 Vt

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 = (Vt −Vb) t (1.0.3)

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

tanδ= D

2L
= hp

L′2 −h2
(1.0.4)

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

D = 2h

√
V −1

V +1
(1.0.5)

If V À 1, from the previous equations :

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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in Fig. 2). The contrast of a spherical track is lost and the track might be seen with difficulties or might
even become invisible.

2.2.2. Constant Vt and oblique incidence
In most realistic applications, the incident particles strike the detector with oblique incidence

instead of normal incidence. A typical example is the irradiation of a detector by alpha particles
emitted by radon and its progeny, where all incident angles are possible. Another example is
irradiation by cosmic rays. It is therefore important to describe track growth for oblique incidence.

This problem was considered in detail by Somogyi and Szalay [25]. The cross-section between a
track in the conical phase and the post-etching surface is an ellipse and the corresponding track
opening is 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.

According to Somogyi and Szalay [25], during the etching, the major axis of the track opening
passes through three phases, while the minor axis develops through two phases. Analytical formulas
for the major axis in the three phases (D1,D2 andD3) and those for the minor axis in the two phases (d1
and d2) were derived and expressed in terms of removed layer h. The conditions for transition from one
phase to another were also derived in terms of h. Somogyi and Szalay [25] also denoted different
phases of axis development as D1, D2 and D3 or d1 and d2. The different phases of track development
for a particle striking the detector under oblique incidence are shown in Fig. 3. Here, the incident angle
u is measured with respect to the detector surface, and h0 is the removed layer when the etchant reaches
the end point E of the particle path.

In the first phase, D1, the opening contour is an ellipse; in the third phase,D3, the opening is fully
circular; while in the second phase, D2, it is a transition between the two, i.e., the contour opening is a
partial ellipse jointed to a partial circle. In the phase d1, the opening is elliptical and the minor axis is
the minor axis of the ellipse. In the phase d2, the opening contour is a circle and the minor axis is the
radius of the circle.

D. Nikezic, K.N. Yu /Materials Science and Engineering R 46 (2004) 51–123 57

Fig. 3. Phases of track development for oblique incidence.

Figure 1.2: Phases of track development for oblique incidence.

which is easily measurable. Since h =Vb t , it is easy to calculate Vb .

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 Vb , 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 Vt

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

sidered. In the real case Vt is variable in most cases, thus the track wall cannot be de-
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The formulas for calculating the major and minor axes of the track opening, and the conditions of
validation are summarized by the following equations [25]:

d1 ¼ 2h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

V sin u " 1

V sin u þ 1

r

for 0 $ h $ h1 ¼
R

V
þR sin u (2.6)

d2 ¼ D3 for h1 $ h (2.7)

D1 ¼ 2h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

V2 " 1
p

V sin u þ 1
for 0 $ h $ H1 ¼

R

V
þR

V sin u " 1

V " sin u þ cos u
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

V2 " 1
p (2.8)

D2 ¼
1

2
ðD1 þ D3Þ þ R" hV

V sin u þ 1

" #

cos u for

H1 $ h $ H2 ¼
R

V
þR

V sin u " 1

V " sin u " cos u
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

V2 " 1
p

(2.9)

D3 ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R sin u " 1

V

" #

2h" R sin u þ 1

V

" #$ %

s

for h'H2 (2.10)

2.3. Geometry of track development for variable Vt

In the previous section, the model of track growth for a constant Vt developed by Somogyi and
Szalay [25] has been presented. However, Vt is not constant in most of the realistic cases. The same
authors developed equations for the case of a variable Vt. Other authors have also developed their own
models and methods to describe track growth, which will be shortly presented here. The difference in
comparison to the constant Vt case is that the track wall cannot be described as a regular cone, and the
track is now a semi-conical surface shown in Fig. 4 (right panel, case 2). The cross-section between the
post-etching detector surface and the track is now more complex than a simple ellipse. It can be close

58 D. Nikezic, K.N. Yu /Materials Science and Engineering R 46 (2004) 51–123

Fig. 4. (a) Variation of the Vt function along the particle path: (1) Vt = constant; (2) Vt is variable with maximum at the end of
the particle path; (3) Vt 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.Figure 1.3: (a)Variation of the Vt function along the particle path: (1)Vt = const ant ;(2)Vt is
variable with maximum at the end of the particle path; (3) Vt 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 Vt . 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 Vb 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 Vb measurement, was done by irradiation

with a 252C 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 Vb 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 Vb = (1.64±0.02)µm/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 Vt is the rate of detector etching along the particle track. For normal

incidence a track is formed when Vt >Vb although for an oblique incidence of the particle,

a track is formed when cosθ >Vb/Vt , where θ is the angle between the track and the nor-

mal to the detector surface. For this thesis Vt was not calculated, since there are different

particles interacting with the SSNTD, having their own Vt depending on their linear en-

ergy deposition in the CR-39. For our purposes it is sufficient to know that the Vt 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 µg
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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Fig. 6 shows a sequence of neutron radiography images of
slices of a tumour nodule cut every 40 mm, in which the evolution
of the geometry of tumour and necrosis is clearly visible going
deeper in the sample.

As a last meaningful example, Fig. 7 shows a neutron radio-
graphy of a tumour sample taken from the first patient. Once
again, the selective boron absorption in different tissues is well
visualized by the neutron radiography. Besides, a small metas-
tases of the diameter of about 0.3mmwas detected, showing how
the selective boron uptake in the tumour cells does not depend on
the nodule size. This selectivity due to an intrinsic characteristic

of the tumour cells makes BNCT a powerful technique that allows
to treat small nodules also that may not be detected by the
existing diagnostic methods.

The technique that is used to produce the images shown in
Figs. 4–7 cannot, however, be employed during a treatment
procedure because it requires about 1h, a too long time interval. A
method was then developed to get good images in o5min using
again CN85 films. In this case the neutron irradiation was made in
a vertical beam of the reactor (LS) located inside the graphite
reflector; the irradiation time was 150 s and the reactor power was
10kW; the etching time was 90 s in a 10% NaOH solution at a

ARTICLE IN PRESS

Fig. 4. Comparison between two images of a sample coming from a tumour nodule of first patient treated by the TAOrMINA method: (a) neutron radiography and (b)
histological image. In the neutron radiography the boron distribution seems to be rather uniform in the healthy tissue (c), and quite irregular in the tumour area. (d), (e). In
(d) darker zones correspond to an almost 100% presence of tumour cells, and in (e) lighter areas are filled with necrotic cells or with the tumour disseminated through
healthy hepatocytes.

Fig. 5. Image of a slice of the healthy liver sample of the second patient treated by the TAOrMINA method: (a, c) histology) and (b, d) the corresponding neutron radiography
images. Boron distribution seems to be quite uniform, except on the contour of some large blood vessels were tumour cells are present.
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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 mm2.



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

[tr acks/mm2] 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 ×
25 mm2 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)×108 n/cm2·s. The thermal neutron flux measured in the solid sam-

ple irradiation facility with the reactor operating at 250kW was (1.37 ± 0.08)×109 n/cm2·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 10B 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) 1010 n/cm2 [20].
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After irradiation, the foils were taken off the facility and their activ-
ity was measured by a germanium detector.

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 in the same plane. The neutron
flux determination was carried out using the same method as for
liquid irradiation facility, positioning copper foils in representative
points of the CR-39 irradiation facility.

2.3. Preparation and irradiation of the calibration samples

Liquid standards consisting of water solutions of boric acid at
boron concentrations of 5, 10, 25 and 50 ppm were poured on
CR-39 films, using the device constructed on purpose for the irra-
diation of liquid samples. Liquid samples were 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 (5.18 ± 0.21)
1010 n/cm2. After irradiation, the CR-39 films were chemically
etched for 60 min with the same etching parameters used for the
fission fragment measurement.

Samples obtained mixing cell suspensions of rat healthy liver
with BPA-HCl, at different boron concentrations, were used for
tissue calibration. 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 obtained cell suspensions were divided
into five aliquots, enriched by centrifugation and weighted. A
boronophenylalanine–HCl (BPA–HCl) solution at 500 ppm of 10B
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 lm 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 5 kW for 30 min, receiving a neutron fluence
of (4.91 ± 0.28) 1010 n/cm2. After irradiation, the films were chem-
ically etched at the described etching conditions for 45 min.

2.4. Track density analysis

After the etching process, a number of images from the irradi-
ated samples were taken with the stereomicroscope. In order to
measure the track density with good accuracy, acquisition

parameters were set to obtain the highest contrast between the
background and the interesting points of the picture. A shadow
correction (corresponding to a background subtraction) was ap-
plied to remove the inhomogeneous light field, which would alter
the quality of the pictures.

Once the images were acquired, the code Image-Pro 6.3 was
used to classify the charged particle tracks, visualized as dark ob-
jects on a uniform gray background (Fig. 2). The analysis process
required the binarization of the images, using the gray scale histo-
gram. A built-in code was then employed to calculate some user-
defined parameters, such as the minimum diameter of the tracks
and their area. These two parameters where used to select the
interesting points to be counted. The software employed for the
analysis was a home-made script written in the data analysis
framework ROOT [12].

The distribution of the track area was used to set a threshold
corresponding to the objects of 1 pixel, which are not tracks but
artifacts that the binarization program could not delete. Another
threshold was set for too large objects, which could be multiple
tracks, or artifacts, or tracks not produced by a particles. These
events are quite unusual, but they must be excluded from the
counts. The minimum diameter distribution was used to define
the range of diameters where the objects to be counted lay. To this
aim, all the photos taken for each concentration value were used to
plot a histogram of the minimum diameters, and this distribution
was plotted with a Gaussian curve (Fig. 3). The interval [ld ! 3rd,
ld + 3rd] was chosen for each concentration value as the range
where the tracks must be counted. In each picture, the tracks with-
in this interval were then counted and plotted as a histogram and
fitted with a Gaussian curve (Fig. 4).

The mean value lc of this fit was divided by the area of the field
and used as mean track density for the considered concentration;
1rwas used as the error associated to this point. Finally, the points
obtained for all the concentration values were plotted as a function
of boron concentration, and the linear fit was computed.

2.5. The dry to fresh mass ratio of the samples

When using the calibration curve obtained for solid samples, an
important parameter must be taken into account: the amount of
water loss occurring after the preparation of the tissue sections.
Tissues with the same composition as the calibration samples
could lose water in different percentages. Therefore, when calcu-
lating boron concentration in a sample by comparison with the cal-
ibration curve, the results must be renormalized by the ratio
between the water loss in the calibration samples and in the tissue

Fig. 1. Liquid samples irradiation facility. It is visible the inferior plexiglass bar with
4 housings for CR-39 slides and the superior one with the sealed holes where the
boronated solutions were poured.

Fig. 2. Picture of the etched CR-39, for a liquid sample with 50 ppm of 10B,
irradiated with a fluence of (5.18 ± 0.21) 1010 n/cm2.

M.A. Gadan et al. / Nuclear Instruments and Methods in Physics Research B 274 (2012) 51–56 53

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-HCl, 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–HCl (BPA–HCl) solution at 500 ppm of 10B

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 µm 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 1, receiving a neutron fluence of (0.98 ± 0.06) 1010 n/cm2[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

core2.
1The 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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Sample Power (kW)
irradiation
time (min)

Fluence(
n/cm2

) etching
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 4 and a joystick 5. 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 mm2 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
4lamp : LEICA CLS150X
5joystick : PRIOR OPTISCAN II
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Name Characteristics Picture

Microscope
Lens zoom 1.0x

Digital zoom 115.0x

Lamp
Luminosity 6 (max)

Filter 6 (no filter

Acquisition program

Exposure 17.6 ms
Gain 1

Gamma 0.54
Shadow correction on

Sharpness adjustment robust

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 10B.

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-

defined parameters: in our case, the minimum diameter 6 and the area 7 were used to

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 [µ−3σ , µ+3σ] 8 , assuming

that all those objects correspond to α particles.

The number of α 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 µ represents the medium value of the gaussian fit while σ 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.

B concentration [ppm]10
0 10 20 30 40 50

2
tr

ac
ks

/m
m

0

100

200

300

400

500

600

700

800

900

1000

 / ndf 2χ  1.844 / 3
p0        9.545± -3.803 
p1        1.686± 15.91 

 / ndf 2χ  1.844 / 3
p0        9.545± -3.803 
p1        1.686± 15.91 

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 10B 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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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 10B .

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

peak in an area between 10 to 25 pixels (track area) and between 1 and 2.5 radius ratio. This
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Figure 2.12: Lego plot for 90 minutes of etching of a tissue sample of 50 ppm of 10B .

Figure 2.13: Lego plot for 135 minutes of etching of a tissue sample of 50 ppm of 10B .
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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 etching lead 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 9.

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,

9This 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.

Sample Power (kW)
irradiation
time (min)

Fluence(
n/cm2

) etching
time (min)

Liquid 10 30 (5.2 ± 0.2) 1010 125
Tissue 1 30 (0.98 ± 0.055) 1010 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 mm2. 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 NIST10 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 liq-

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.

10National 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

×10−6mm2 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 ×14−4mm2. 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 ×10−4mm2. 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 10B 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 ×10−4mm2. 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 liq-

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 ×10−4mm2, 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 calibration1 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

1The calibration has been done by following the results shown in Table (3.1) for the values above thresh-
old, where the track counted at 0ppm are considered as background, hence it is subtracted from the other
results.
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Figure 3.4: Tracks per picture of a tissue sample with 30 ppm of boron.
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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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Sample
Number of track

below the threshold
per picture

error
Number of track

above the threshold
per picture

error

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.

Sample
Number of track

below the threshold
per picture

error
Number of track

above the threshold
per picture

error

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
value.
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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 tr acks/mm2 for the tissue and 2230 ± 85 tr acks/mm2 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/mm2. 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/mm2, that is in agreement with the experimental value of ≈ 27 tracks/mm2.

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 10B 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 10B 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 CNEA1 (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

1The analyzed samples were prepared by Dr. Agustina in Portu.

50
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is in an early stage, Table (4.1) shows that all the cited techniques are consistent for 10B

concentration measurements.

Technique
Sample 1

Boron (ppm)
Sample 1

error (ppm)
Sample 2

Boron (ppm)
Sample 2

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

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 µg/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 l-BPA. Since cells do not absorb d-BPA, one expects that the concentration in cells

exposed to the d,l-BPA is half the one in cells exposed to l-BPA. This is in fact compatible

with the result shown.
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Sample
Autoradiography

Boron (ppm)
error (ppm)

AS
Boron (ppm)

error (ppm)

UMR-CTR 3.7 1.3 2.9 0.4
UMR-d,l-BPA 24 2.7 20 3
UMR-l-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
l 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.

Figure 4.1: Schematic view of o-closocarboranyl β-lactoside.

4.2 Cationic liposomes loaded with LCOB

In this section a new boron compound of carborane2 derivative is employed, namely, o-

closocarboranyl β-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 µg/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 µg/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
Autoradiography

Boron (ppm)
error (ppm)

AS
Boron (ppm)

error (ppm)

CTR-1 3.7 1.3 4.9 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 boron4. 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 10B, 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 µg/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
Autoradiography

Boron (ppm)
error (ppm)

AS
Boron (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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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 µg/g.

Figure 4.5: Polymeric nano particles structure.

Sample
Autoradiography

Boron (ppm)
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.

Sample
Autoradiography

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 10B, while the one

named Gold2 concentrated 15 ± 5 ppm of 10B. 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): 10B 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
Autoradiography

Boron (ppm)
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. Gold1 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 10B concentration of 3.4 ± 1.3 ppm of 10B

Sample
Autoradiography

Boron (ppm)
error (ppm)

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.



CHAPTER 4. BORON CARRIER ANALYSIS FOR BNCT 61

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 pr otons, al pha 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.

Pr otons, al pha 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 Ion 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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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

d x
= k Z2

β2
Z 2

1

[
L0

(
β
)+Z1L1

(
β
)+Z 2

1 L2
(
β
)]

(5.2.1)

where k is a constant multiplication factor defined as k = 4πe4

me c2 , where e is the charge of

an electron, me is the mass of an electron and c is the velocity of light. While β= v
c is the

relativistic particle velocity where v is the particle velocity, Z2 is the target atomic number

and Z1 is the particle charge. The latter function between square brackets is also called the

Stopping Number L
(
β
)
. This term will contain all the corrections of the basic two-particle

energy process. The L0 term contains all the corrections factors of the Fano formulation

(Equation 5.2.2). The second term L1 usually called the Barkas Correction and the third

term L2 called the Bloch Correction will be discussed later in this section.

L0 = ln
2me c2β2

1−β2
−β2 − C

Z2
− ln〈I 〉− δ

2
(5.2.2)

C /Z2 is the shell correction for the target atom, 〈I 〉 is the mean ionization energy of the

target atom and δ/2 is the density effect correction..
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The Primary Stopping Number, L0

The stopping number term, L0, 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:

ln〈I 〉+ C

Z2
= ln

2me c2β2

1−β2
−β2 − Sexpβ

2

k Z2Z 2
1

− δ

2
+Z1L1 +Z 2

1 L2 (5.2.3)

where Sexp 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 ln〈I 〉+ C
Z2

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 correction is 1% .

Before moving on with higher order correction the last term in Eq. (5.2.2), δ
2 , 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: ln〈I 〉+ C
Z2

Corrections for Ag. (from [55])

while gas targets have no density correction [55].

The Barkas Correction, L1

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 Z 2
1 . 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: ln〈I 〉 + C
Z2

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 ln〈I 〉+ C

Z2
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.

Z1L1
(
β
)= Sexpβ

2

k Z2Z 2
1

−L0
(
β
)−Z 2

1 L2 (5.2.4)

Otherwise the Barkas correction term, Z1L1 may be estimated using:

Z1L1 =
Ll ow Lhi g h

Llow +Lhi g h
(5.2.5)

where Llow = 0.001E and Lhi g h = (
1.5/E 0.4

)+4500E 1.6/Z2

The Bloch Correction, L2

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 Z 4
1 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:

Z 2
1 L2 = y2 [

1.202− y2 (
1.042−0.855y2 +0.343y4)] (5.2.6)

where y = Z1α/β and α= 1/137.

Low Velocity Limit of the Bethe-Bloch Theory

At low 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:

Z∗
1

Z1
= 1−exp

[ −v1

v0Z 2/3

]
(5.2.7)

where Z∗
1 is the statistical net charge on the partially neutralized ion. At high velocities,

Z∗
1 /Z1 = 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
(
β
)

is:

F
(
β
)= ln

2me c2β2

1−β2
(5.2.8)

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

tion, C /Z2, the Barkas correction, L1, and the Bloch correction, L2. 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, δ/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, Z2 <

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,



CHAPTER 5. SIMULATION WITH THE STOPPING AND RANGE OF IONS IN MATTER (SRIM) 73

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, F, 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 ångström. 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
various cores and bonds using stopping units of eV

1015atoms cm2 .
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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 H2O in either gaseous or solid state.

Figure 5.8: Bragg’s Rule Accuracy in Heavy Compounds.
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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 σ (barn) Ni nter acti ons
14N 2.6×1018 1.8 2.4×105

10B 6×1015 3842 6×105

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 µm). Therefore the code extracts the depth fol-

lowing a uniform distribution going from 0 till 20 µm. While the lateral distribution aims

to reproduce the real conditions of the sample irradiation, which has a lateral thickness

of 1 cm 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:

Ni nter acti ons = Natoms ·σ ·Φ (5.3.1)

where Ni nter acti ons are the number of interactions from the neutron capture reaction,

Natoms are the number of atoms present in the previously defined volume (2×10−3cm3),

σ is the cross section of the reaction and Φ is the neutron fluence during the irradiation

(5.2×1010cm−2). By simulating a sample with 50ppm of 10B and 3% of the total mass com-

posed by 14N, 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

at line 13, here only the particles that are transmitted are stored. The data associated with

each particle are in order : Ion Number1, 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 obtained3. 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.

1The 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
liquid water.
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Figure 5.11: Percentage difference between the stopping power in water and dry Tissue.
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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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Figure 5.13: The Stopping Power distribution of transmitted alpha particles.
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Figure 5.14: The Stopping Power distribution of transmitted lithium particles.
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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 /(µg /cm2). The alpha particles have a peak

of stopping power between 2 and 2.3 keV /(µg /cm2), while about 20% of those particles

have a stopping less than 2 keV /(µg /cm2). Protons contribute to the stopping power only

in the low region, between 0.35 and 0.9 keV /(µg /cm2).

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 θc : particles are detectable when the track etch rate Vt is higher than the

bulk etch rate Vb following the relation:

Vb <Vt cos(θ) (5.4.1)

where θ is the angle between the particles trajectory and the bulk etch direction. The

critical angle condition corresponds to Vb =Vt cos(θc ). The angle of incidence may not be

the only reasons of event loss, the etching removes ≈ 3.3 µm 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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Figure 5.15: The total Stopping Power distribution of transmitted particles in a simulated
50ppm liquid sample. The simulated area is equivalent to 82 pictures of the experimental
data.
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Figure 5.16: The area distribution of counted tracks, coming from 82 pictures of a 50ppm
liquid sample.



CHAPTER 5. SIMULATION WITH THE STOPPING AND RANGE OF IONS IN MATTER (SRIM) 85

posed by nitrogen. Figure (5.17) represents the simulated stopping power distribution of

the transmitted particles in tissue samples with 50 ppm of boron4. The resulting stopping

power distribution differs from the liquid sample for the peak at stopping powers between

0.25 and 0.75 keV /(µg /cm2). 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 ×10−5mm2 which should be given by the contribution of alpha and

lithium particles, and the second between 0 and 1 ×10−5mm2, 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

area of the counted tracks. This threshold was set to 1.4 ×10−5mm2, a value between the

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 tracks5. 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 protons6. 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

4The 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 ×10−4mm2

6for 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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Figure 5.17: The total Stopping Power distribution of transmitted particles in a 50ppm
tissue sample. The simulated area is equivalent to 82 pictures of the experimental data.
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Figure 5.18: The area distribution of counted tracks, coming from 100 pictures of a 50ppm
tissue sample.
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from the simulated stopping power data.

Track etch rate Vt 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:

A =π ·h2 V −1

V +1
(5.4.2)

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

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

The ratio V depends from the stopping power Es and it is usually expressed as a poly-

nomial expansion of Es . 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 Es , the resulting fitted V equation is:

V = 1.4−4×102Es +7×10−4E 2
s −4.6×10−7E 3

s +1.1×10−8E 4
s (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 2×10−5mm2 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

loss7 (REL), an accurate dependence of the track etch rate from the stopping power may

7The restricted energy loss is a quantity that wants to estimate the amount of energy deposited by the
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Figure 5.19: Relative number of tracks with a certain area. Comparison between experi-
mental and simulated area distribution.

be calculated.

ionizing particle along the track, therefore not considering δrays 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 10B 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 10B 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.
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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 10B 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 10B 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 ≈ 10−2 mm3, 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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ho bisogno di te e per i fantastici momenti che abbiamo passato e passeremo, un grazie

anche alla tua meravigliosa famiglia: Silvia, Giampaolo e Ciccio. Poi ti ricordi questa es-

tate il tuffo nel mare del nord ? ecco ho sofferto molto e in silenzio :p con la Elo che per

infierire faceva delle foto in cui sembravo un ciccio bomba :p a parte questo grazie Elo per

gli spassosi momenti che abbiamo condiviso!

Se continuo così finisce che allungo la tesi di altre N pagine quindi ringrazio: i vogheresi

Pietro, Buce e Marta; i fisici AndreaF, Sergio e Cesare, gli amanti&biologi Giacomo e Silvia;

gli amici di Mirabello Francesca, Eleonora, Valentina, Manuel e Alberto; e per finire anche

Rouge, e i miei futuri coinquilini Matteo, Vero e Artina; Grazie per le N birre sorseggiate e

gli N aperitivi che abbiamo condiviso.

Un enorme grazie va alla mia famiglia! Grazie mamma per sostenermi in qualsiasi cosa

faccio e per essere sempre pronta ad aiutarmi :) Grazie papà per tutto il sostegno che mi

hai dato, vorrei vederti più spesso e mi dispiace che siamo sempre separati tu la mamma

ed io. Grazie Lele , Vero ,Oscar e Cate perchè è sempre bello stare con voi :) Grazie Zia,

Giagia, Baby e Luca perchè Ferriere senza di voi non sarebbe così bello :) Grazie anche a

Raffy, Margherita e Jose mi dispiace non venirvi a trovare spesso! Un altro grande grazie va

anche alla mia seconda famiglia di Pavia: Anna, Luciano e Bennazza (muahahaha). Een

bedankt ook voor mijn Nederlandse familie, Opa & Oma bedankt dat jullie deur altijd voor

mij open is.

E poi GRAZIE Cri, per trasformare ogni giorno che passa nel meraviglioso concerto

rock che è la nostra vita!!! Ti amo!!!


