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1 Introduction

Ab ovo

La diligencia es madre de la buena ventura y la pereza,
su contrario, jamas llego al termino que un buen deseo.

Diligence is the mother of good fortune, and idleness
its opposite, never led to good intention’s goal.

–Miguel de Cervantes

With the discovery of the neutron by Chadwick in 1932, it became clear that protons
and neutrons are the building blocks of nuclear matter. The neutron is uncharged and
slightly heavier than the proton. Unlike the proton, the neutron is unstable with a mean
lifetime of about 14 min in free space. It decays into a proton, an electron and an anti-
neutrino.

Being uncharged makes neutrons difficult to handle experimentally. For instance,
in the case of charged particles such as electrons and protons, charge is a characteristic
which has been very useful in e.g., studying nuclear matter and understanding nuclear
interactions, as it has facilitated experimental work greatly. Charged particles can be bent
and focused to a desired site and accelerated to a desired energy as well. This cannot be
done with neutrons. Also the fact that it has not been possible to obtain neutron beams
with adequate intensity and energy resolution has added to the difficulty.

Like X-rays and� -rays, neutrons are indirectly ionising particles; they exert their
effect through secondary charged particles. However, neutron interactions with mat-
ter proceed in a completely different way. While photons interact preponderantly with
atomic electrons, neutrons interact with atomic nuclei releasing secondary charged par-
ticles such as protons,� -particles and heavier nuclear recoils. The transfer of energy
occurs in two steps. i) interaction of neutrons with a nucleus resulting in a multitude of
secondary charged particles, ii) transfer of energy from secondary charged particles to
matter through excitation and ionisation. KERMA,� ; an acronym for Kinetic Energy
Released in MAtter, is used to describe the initial interaction, i.e., stage i).

The estimate of KERMA and absorbed doses is most commonly done using ionisation
chambers, in combination with model calculations. The KERMA value is not a directly
measurable quantity; it has to be inferred from either particle production cross sections or
from ionisation measurements. However if the region in which the dose is determined is
sufficiently small and provided charged particle equilibrium can be assumed to be fulfilled
(see below), KERMA and absorbed dose are equal. Ideally, one would like to measure
the absorbed dose in a tissue material directly. However, this is not possible due to many
practical difficulties. Instead, the absorbed dose is measured in a tissue-substitute material
such as a tissue equivalent (TE) gas, and is transformed to absorbed dose in tissues using
the Bragg-Gray theory [1]. Since in tissue-substitute materials, oxygen is replaced by car-
bon, the transformation requires cross-section data for neutron-induced charged-particle
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production for, e.g., carbon and oxygen. Integral measurements from which much of the
neutron-dosimetry information is obtained, have frequently, due to the lack of such data,
relied on model calculations to obtain these cross sections.

Through the years, several models have been developed and used to estimate cross
sections in neutron interactions with nuclei. Although these models have reproduced fairly
well experimental data for heavy nuclei, they have failed, apart for some exceptions, to
provide good agreement with data for light nuclei. One of the reasons is that the sta-
tistical model, which has been successful for the description of neutron-heavy nucleus
interactions, is not applicable to light nuclei. Another reason is the complexity of neutron
interactions with light nuclei. The energy region around 100 MeV is considered to be
complicated from a theoretical viewpoint, since the number of open reaction channels is
large and the processes involved complicated. For example, with 96 MeV neutrons inci-
dent on� � C, there are more than 100 open reaction channels that can give rise to a proton.
A comprehensive theory, or a model, has to consider different reaction mechanisms such
as direct, compound and preequilibrium, and when appropriate, a competition between
them. Moreover, the models must be validated by experimental data, which are scarce. In
the energy region of 100 MeV, only a single measurement [2] has been carried out more
than 50 years ago.

In this respect, carbon can be considered as a prototype nucleus. The results ob-
tained on 96 MeV� �

� � C interactions, can be used to validate the theory and contribute
to the understanding of the nuclear processes governing neutron interactions with light
nuclei. This in turn will help to resolve some of the discrepancies [3, 4] observed between
experimental data and theory.

The information and insight gained from the study of� � C, are useful in the study of
other similar light nuclei such as oxygen and nitrogen. For instance, carbon and oxygen
have similar production cross sections and KERMA coefficients at 100 MeV. Oxygen can
decay into 4� -particles following inelastic scattering, giving similar contribution to the
total KERMA. From a biological viewpoint, the understanding of the decay-process of
the two nuclei is important since� -particles induce dense ionisation along their tracks in
tissues. Their biological effects are greater than, e.g., protons. Carbon data are particu-
larly important for microdosimetry, which instead of relying on calculated data can use
measured cross section. Thereby a more accurate dose determination will be possible.

In spite of the difficulties encountered when dealing with neutrons, the wealth of
knowledge gained through the use of neutrons have made them, indisputably, one of the
most widely used particles in many scientific and technological fields. For example, neu-
trons play a central role in nuclear power production, radiography where neutrons, thanks
to their unique ability to image certain elements, are employed as a nondestructive inspec-
tion technique. Neutron diffraction used for the study of material structure, neutron activa-
tion analysis used to accurately determine the concentrations of elements in a sample, and
conversion of long-lived nuclear waste to short-lived and stable waste by transmutation
techniques are other examples.

Each application involving neutrons, has its own requirement as far as energy, inten-
sity, resolution etc., are concerned. While monoenergetic neutrons from the isotope�

�
� Cf

with energies of about 98.5 MeV are used for neutron activation analysis, to inspect airline
luggage for hidden explosives, and in human cervix-cancer therapy, neutrons with ener-
gies in the order of several tens of MeV and high intensity are required to treat deep-seated
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cancer tumours.
An area of application, of relevance to this work, and which has recently received

increased or renewed interest relates to the high doses received by air crew and frequent
flyers at flight altitudes; an issue of concern from the radiation-protection point of view.
Cosmic-ray particles from outer space interact with atomic nuclei as they penetrate the
earth atmosphere giving rise to a multitude of particles, of which neutrons of several tens
of MeV are considered to be the main contributors (� 80

�
) to the effective dose [5, 6].

Neutrons of several tens of MeV are exploited in the treatment of radioresistant cancer
tumours, which do not respond to conventional photon therapy. In this case, the ability
of neutrons to give rise to densely ionising charged particles is exploited to cause damage
within a small tissue volume, reducing the repair capacity of the tumour cells.

Figure 1:Neutrons are usually classified according to their kinetic energy. Neutrons with energies
from 1 MeV and up are referred to as fast-neutrons. (Adapted from Ref. [7]).

The most common source of neutrons are nuclear reactors. However, the mean en-
ergy of the produced neutrons is in the order of a few MeV, which makes them suitable
for, e.g., treatment of skin cancer, but not for therapy of deep-seated tumours. Radioactive
nuclides, such as�

� � Cf, emitting neutrons with energies of several MeV, are also being
used in interstitial and superficial therapy. For dosimetry or radiobiology applications,
monoenergetic neutrons are required in order to study, e.g., the variation of biological
effects of different radiation types with energy. For this purpose, the deuteron-tritium
reaction,� H( � � � ) � He, is one of the most economical method to generate monoenergetic
fast neutron beams. With deuteron energies of about 250 keV, nearly isotropic neutron
beams with energies of about 14 MeV are produced. Other reactions such as� H( � � � ) � He,
have also been used to produce monoenergetic neutrons. To produce higher-energy mo-
noenergetic beams, requires that the energy of the incident particle (the projectile), is low
enough so as to avoid inducing more than one nuclear reaction or give rise to excited states
in the compound nucleus. Monoenergetic beams with energies greater than 20 MeV are
unfortunately not possible to produce. However, a quasi-monoenergetic neutron spectrum
with a dominant high-energy peak and a trailing portion of neutrons of lower energies can
be obtained.

Neutron beams with intensities of practical relevance for fast-neutron therapy are
produced by means of accelerators, where protons or deuterons of several tens of MeV
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Figure 2: Neutron-energy spectrum from the� Li(p,n) reaction measured at
� � �

� � �
MeV. The spectrum has been obtained by measuring recoil protons by means of a

magnetic spectrometer [8]. The continuous solid-line histogram shows the measured un-
corrected spectrum from 60 to 100 MeV, while the dashed-line histogram illustrates the
effect of the time of flight (TOF) discrimination of low-energy neutrons.

impinge on a target. Usually, targets of lower masses give the highest yields. Typical reac-
tions used for this purpose are� Be(� � � ) � B and � Li( � � � ) � Be. In this work, 98.5 MeV pro-
tons from a cyclotron hit a� Li target to produce a quasi-monoenergetic neutron spectrum
with a 96 MeV peak containing about 40

�
of the neutrons and a lower-energy portion of

neutrons evenly distributed in energy from maximum down to zero energy. Fig. 2 shows
a typical neutron spectrum produced at the The Svedberg Laboratory in Uppsala, with a
98.5 MeV proton beam impinging on a 220 mg/cm� � Li target. Low-energy neutrons can,
to some degree, be eliminated using time of flight (TOF) techniques as illustrated in the
figure.
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2 Applications

2.1 Radiation protection

Of concern from a radioprotection viewpoint is the neutron flux that cosmic-ray particles
give rise to at altitudes where commercial air flights operate (about 10 Km). There, neu-
trons with energies higher than 10 MeV contribute most to the dose rate which is about
30 times higher than at sea level [5, 6]. This poses safety problem to the crew of com-
mercial aircrafts and manned space ships, who spend a large proportion of their working
time at altitudes where they are exposed to much higher cosmic radiation and, inevitably,
receive higher doses than earth-bound humans. In fact, studies have shown that the dose
received by air crew is one of the highest occupational doses [9]. Naturally, this poses
new challenging problems, which are of concern from the radioprotection standpoint.

Highly ionising cosmic-ray particles most of which are protons with energies ex-
tending up to several GeV, bombard the earth’s atmosphere continuously. They interact
with the atmospheric atoms, mainly oxygen and nitrogen, and shatter them resulting in
secondary particles, mainly pions, muons, neutrons and protons. The secondary particles
then generate new particles leading to hadron cascades, in which neutrons are the most
abundant. The intensity of the cascades increases with depth and reaches a maximum at
about 15 Km. As the primary and secondary particles traverse the atmosphere towards
the earth’s surface, they give birth to a high radiation dose decreasing in strength from
altitudes of supersonic aircrafts to sea level. At high altitudes the neutron flux is several
orders of magnitude higher than at sea level, and the neutron spectrum spans over a wide
energy range extending from a few keV to several hundreds of MeV.

From a health stand point, these particles can be subdivided into two groups, neutrons
and other particles. The contribution from primary heavy charged particles or fragments
is not significant [10], since most of them are slowed down in the atmosphere. In addition,
the doses induced by non-neutron particles and the way they are attenuated, when travers-
ing various materials, are reliably known from several measurements. Also the fluxes of
neutrons and their energy distributions are reasonably well known [11]. However, it is
not known how neutrons interact with material of airplane structure. Hence, the difficulty
to estimate the neutron induced doses for passengers and air crew. Although these doses
may be estimated by way of calculations, the latter must be validated by accurate data
from measurements involving relevant nuclei.

As the cosmic-ray particles penetrate through the atmosphere towards the earth’s sur-
face, the intensity of the cascade-produced particles diminishes since most of the particles
either decay spontaneously, which is the case for pions that have mean lifetimes in the
order of nanoseconds, or slow down to rest by ionisation of the air before reaching the
earth’s surface. This leaves neutron, which are uncharged, and high-energy muons as the
dominant radiation source at sea level [12].

2.2 Fast-neutron therapy

Fast-neutron therapy is used [13] to irradiate otherwise untreatable cancer tumours, also
called radio-resistant tumours, for which conventional modalities have not produced sat-
isfactory results. Although there are controversies [14] as to whether fast-neutron therapy
has a role to play as a clinical modality, several studies [16] have, nonetheless, shown that
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highly ionising particles, produced upon neutron interactions with nuclei, should result in
better tumour control than achieved by photon therapy. To fully investigate the potential of
this modality, an accurate determination of the dose delivered to a patient is required. This
can only be achieved through high-quality measurements of charged particle production
cross sections. Furthermore, the cross sections must be known so as to allow deduction
of the absorbed dose with the degree of accuracy required for radiation therapy, i.e., with
an accuracy at least comparable to that achieved in photon therapy.

2.2.1 Historical review

Fast-neutrons have been employed with encouraging results for treatment of, otherwise
untreatable, human cancer tumours by Robert Stone [17, 18] just several years after the
discovery of neutrons. Few years after the treatment, unacceptable skin damage occurred
in many patients. Since side effects were deemed to outweigh clinical benefits, Stone
concluded that fast neutrons had no place in cancer treatment [19]. At the time, nei-
ther therapeutic neutron dosimetry of the biological effectiveness of fast neutrons nor the
knowledge of neutron interactions with biological tissues were adequately understood. To
investigate the place of neutron therapy, and in particular the skin effect, several studies
were initiated at Hammersmith Hospital in 1959 [20]. From these studies is has been
concluded that early patients have been severely overdosed [21].

Advances in radiobiological research made in the 1950s and 1960s indicated that
cell killing induced by neutrons was less sensitive to the oxygen content of the tumour
than that of photons, suggesting that fast-neutron therapy should be more effective than
photon therapy as far as cancer-tumours control is concerned. Local control of the primary
tumour is a prerequisite condition for curing a cancer patient. A failure to a achieve a
successful treatment of the primary tumour will ultimately lead to tumour progression and
development of distant metastases, with fatal consequences as a result. Later results have
indicated [22, 23] that the damage incurred to the tumour by neutrons is less repairable
than that incurred by photons. This was in line with other encouraging results obtained in
1966 by Catterel and Bewley [24].

There is a wide-spread belief that in neutron therapy, a satisfactory tumour control can
be achieved only at the expense of late complications. The causes of this belief could be
attributable to several sources. Early neutron beams produced at low-energy cyclotrons,
were poorly collimated, non-focused, non-isocentric and inadequately shaped. Also the
target volumes were not well defined, and consequently, healthy tissues were not properly
protected and, as a consequence, received large doses. Clinical results from the 1970s and
three decades later indicate that although both low and high-energy neutron beams enable
tumour control, only high energy beams do so without long-term side effects. Recent
results [25] with fast neutrons have, in fact, shown that high energy neutrons produced
by 66 MeV proton impinging on Be target, can be delivered under virtually almost the
same conditions, i.e., skin-sparing, beam-shaping and treatment plans, as is the case for
photons, and also safely to almost any defined tumour volume. Today, fast-neutron therapy
is practiced on a routine basis at 19 centers around the world and represents the largest
therapy modality next to photon therapy. So far about 18 000 patients have been treated
by fast neutrons.
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2.2.2 Radiobiological considerations

The central goal in any radiation therapy is to oblate malignant tumours while preserving
contiguous healthy tissues.

There are two different effects of ionising radiation on the DNA molecule. A direct
effect in which radiation interacts directly with a DNA molecule through excitation or
ionisation leading to a dissociation of the DNA molecule, or an indirect effect through
ionisation of the water molecules, which undergo chemical reaction giving rise to highly
reactive free radicals, e.g.,

�
� � � � �

� � � � � � � � �
� � � � � � � � � �

,

�
� � � � � � �

� � � � � �
� � � � � � � � � .

The free radicals OH� and H are considered to be the most destructive. Fig. 3 il-
lustrates the differences between the direct and the indirect effects on the DNA. For the
indirect effect to be efficient in destroying tumour cells, the cells must be well oxygenated.
This means that for hypoxic (poorly oxygenated) tumours, the indirect effects is no longer
efficient in causing damage and higher doses are then required.

The damage, which occurs through the direct effect for the case of fast neutrons, is
independent on the oxygen content of the tumour cells, as opposed to the damage caused
by photons. The latter can cause similar damage, but higher doses are required. The
relative gain factor in the dose delivery for neutrons compared to photons due to the
oxygen effect is referred to as the Oxygen Enhancement Ratio (OER). For an RBE of 2
for fast neutrons as compared to photons, the doses required to achieve the same ”killing”
in photons therapy need to be twice as high as that required in fast-neutron therapy.

Fast-neutron therapy has been advocated primarily in cases where they lead to better
tumours control than conventional photon therapy. Tumours of interest in this context
are [26, 27, 28, 29].

� locally advanced, unresectable and non-metastatic tumours,

� radioresistant tumours such as bone and soft-tissue sarcoma, osteosarcomas, chon-
drosarcomas (especially slowly growing and well differentiated). Neutrons have
shown local control rates of 50

�
as compared to 20–30

�
for photons or electrons,

� melanomas, adenocarcinomas, such as thyroid and pancreas tumours,

� melanomas which are inoperable or recurrent,

� salivary gland tumours (locally extended, well differentiated), [30]. Neutrons have
demonstrated and achieved long term survival for prostate cancer,

� paranasal sinuses,

� some tumours of the head and neck area (locally extended, metastatic ade-
nopathies),
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Figure 3:Direct and indirect effects of neutrons on DNA molecules (adapted from Ref. [26]).

� prostatic adenocarcinomas (locally extended).

Results from the Fermilab Neutron Therapy Facility [25] have shown that, for these
tumour types, neutrons have been shown to be both efficient and less expensive than other
alternative treatment modalities and with no accentuation of side effects. Also the fact
that fast-neutron treatment are accomplished in shorter times than photon treatment is
desirable for quick palliative treatment of metastases from resistant tumours.

With the exception of hydrogen, for which data are known with sufficient accuracy,
data for biological nuclei, in the energy range of interest for neutron therapy, are scarce and
suffer from uncertainties [31] attaining up to 50

�
and higher in some cases. The scarcity

of the data has been highlighted by a Coordinated Research Program (CRP), organised
by the IAEA in a status report [32, 33]. The Commission of Radiation Protection has, in
an attempt to remedy the scarcity, given high priority to new cross section measurements
for biologically relevant nuclei, i.e., carbon, oxygen, nitrogen and calcium. Similar needs
have repeatedly been emphasized by e.g., DeLuca�

� � � �

, [34] and Chadwick�
� � � �

, [35].
Albeit fast-neutron therapy is carried out at lower energies (below 70 MeV), the optimal
neutron energy has not yet been determined. There are indications that higher neutron
energies could promote the physical selectivity [36] of neutrons.
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2.3 KERMA and absorbed dose

Although neutrons and photons, have similar dose distributions, i.e., the dose decreases
with depth, as shown in Fig. 4, they interact with tissues in two completely different
ways. The interaction of photons with tissue proceeds mainly via interaction with the
atomic electrons, involving primarily Compton, photoelectric and pair-production pro-
cesses, whereas neutrons interact with matter via nuclear reactions.

Figure 4:Relation between KERMA and absorbed dose for a neutron beam passing from air to
tissue (Adapted from Bewley Ref. [7]).

KERMA, as defined earlier, corresponds to the kinetic energy transferred by the pri-
mary uncharged particles, e.g., neutrons, per unit mass element, to secondary charged
particles, e.g., protons, deuterons, tritons,� -particles and heavier nuclear recoils such as
as carbon, nitrogen and oxygen. Fig. 5 shows the KERMA coefficients versus the incident
neutron energy for the most abundant elements of biological tissues.

The radiation damage caused by neutrons to biological tissue is, to a first approxi-
mation, proportional to the absorbed dose, which is a measure of the mean energy im-
parted to matter by charged particles. Since the released charged particles deposit their
energy ”downstream” starting from the point where they were given rise to (this applies
to photons as well), i.e., from the site where the neutron interaction with nuclei occurred,
the absorbed dose shows an increasing behaviour with depth until it reaches a maximum
corresponding to the average range of the charged particles.

Figure 4 shows the absorbed dose and KERMA profiles for a neutron beam in tissue.
The steepest part in the absorbed dose curve is called the build-up region. At small depths
the main contribution to the absorbed dose is mainly due to� - and heavier particles, which
deposit their energy close to the site where they are produced. At larger depths, all charged
particles, including protons created at smaller depths, contribute to the dose.
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Figure 5: Total KERMA values for elements in ”� � � � � � � � � 	 ”, in units of fGy m� , from
thermal energies up to 100 MeV. The inset shows relative KERMA for the same elements. In the
region 1� 10 MeV, the largest fraction (more than 90
 ) of soft-tissue KERMA is due to neutron
scattering with hydrogen nuclei. Above 10 MeV, the hydrogen contribution is less significant
partially because the cross section for the� � scattering drops with increasing energy. For energies
above 70 MeV, the relative contribution of oxygen to the KERMA is larger than that of hydrogen.
The large contribution to the KERMA from nitrogen at low energies is due to the large cross
section of the�

� N( � � � ) �
� C reaction. (Reproduced from ICRU 63 data, Ref. [37]).

2.4 Linear-Energy Transfer (LET)

Neutron radiation induces greater tumour killing [38] than e.g., photons or protons. When
neutrons interact with tissues, they give rise to relatively heavy charged particles, such as
hydrogen and helium isotopes which deposit large amounts of energy along their tracks in
tissue. Hence, the concept of Linear Energy Transfer (LET) has been introduced. High-
LET particles produce dense ionisation along their tracks and are more efficient in causing
tumour cell death.

Secondary electrons produced in photon therapy, referred to as low-LET radiation,
have an average LET of about 0.3 keV/� m, while 180 MeV protons have mean LET values
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Figure 6: Microdosimetric absorbed-dose spectra for photons from�
�
Co, and neutrons from

14 MeV deuterons and 65 MeV protons bombarding berilium targets. The maximum LET for
protons and� -particles are about 100 and 250 keV/� m, while greater LET values are due entirely
to heavy recoils. The vertical arrows (left to right) represent the peaks for low energy protons,
high energy protons,� -particles and heavy recoils, respectively, produced by neutrons from for
p(65)Be interactions. (From Wambersieet al., Ref. [39]).

of 0.7 keV/� m. Typical particles produced in neutron interactions with nuclei at energies
used in many fast-neutron therapy facilities [16], have average LET values of about 2 and
150 for protons and� -particles, respectively, and even higher values for heavier recoils.

cm

Figure 7: Distribution of ionisations induced by� -rays (left) and neutrons (right). The dots
represent the ionisation produced by electrons induced by� -rays (left) and that of protons,� -
particles and heavy recoils induced by neutrons (right). The ionisation per unit length of neutrons
is about 100 times more dense than that of photons [15]. (From Wambersie� � � � � , Ref. [39]).

5 MeV � -particles, which are produced in a fast-neutron reaction with carbon have
LET values of 166 keV/� m and can potentially ionize thousands of atoms or molecules
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within a small tissue volume. It takes between 1 and 35 eV of energy to ionize an atom or
a molecule. Alpha particles are strongly ionising, and when passing through tissue they
induce intense ionisations within a small tissue volume, causing irreparable damages or
reducing the capacity of repair. The density of molecular breakage caused by the radiation
increases with increasing LET, resulting in a growth of single- and double-strand breakage
of the DNA correlating with cell death. Fig. 7 illustrates the ionisation density of electrons
induced by� -rays and that of� -particles and heavier recoils induced by neutrons.

2.5 Radiobiological Effectiveness (RBE)

As the LET increases, the dose required to induce a given biological effect (a given
level of cell death) diminishes. Hence, the concept of Relative Biological Effectiveness
(RBE) [40]. The RBE of a given radiation, e.g., fast-neutron radiation, with respect to
a reference, e.g., photon radiation, is the ratio of the absorbed dose of the test radiation
to that of the reference radiation, RBE� � � � � � � � � � � � / �

� � � � � , resulting in the same level of
biological effect. Following the ICRU recommendations,� -rays from �

�
Co or high en-

ergy X-rays (� 1 MV) are used as reference radiations. What is used in work on radiation
protection is a quality factor� , also called the radiation weighting factor, introduced to
account for the RBE effect.

Figure 8: Variation of RBE versus linear energy obtained from dosimetric measurements. The
oxygen enhancement ratio (OER) curve shows how the sensitivity to radiation of poorly oxy-
genated cancer tumours increases (OER decreases) with increasing LET. The details of the curves
may change depending on the biological sample and the dose level. (Adapted from Ref. [7]).

The RBE for therapeutic neutron beams are in the range 3.0� 3.3, to be compared to
the value 1.1 for 160 MeV protons. This means that with an RBE of 3, the radiation dose
induced by� -rays from �

�
Co needs to be three times higher than that of fast neutrons to
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produce the same biological effect. As illustrated in Fig. 8, the RBE increases with LET
until it reaches a maximum at about 100� 200 keV/� m at which the dose required to kill
tumour cells has been reached. Beyond the maximum, the RBE decreases since more than
enough energy to kill the tumour cells is deposited in the sensitive site. For instance heavy
ions have LET values beyond the value of maximum RBE.

Heavy ions have been advocated as an alternative to fast-neutron A relatively high
RBE value ranging from 1.2 to 4.5 is, in addition to an improved dose distribution (the
dose can be deposited at the desired site) compared to both neutrons and photons, the main
motivation to use heavy ions for cancer treatment [38]. However, the clinical benefits for
their introduction as a new treatment modality must be addressed and weighted in relation
to cost. For instance, both protons and heavy-ions are more expensive than neutrons and
conventional therapy. Moreover, despite their obvious advantages, the justification and
place of heavy-ion therapy as a treatment modality requires longer experimental clinical
studies. For instance, it took about 40 years for proton therapy to be widely accepted and
introduced in clinical practice, in spite of its obvious benefits. Fast neutrons have, for
some tumours, proven [41] to be efficient and less costly than, e,g., heavy ions. Perhaps
neutrons are after all a poor man ”armament” in cancer fighting of some tumours.
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3 Theory and phenomenology

”It is a capital mistake to theorize before one has data
–Arthur Conan Doyle

Toutes les fois donc qu’une chose nous parait ridicule, absurde ou
mauvaise dans la Nature, cela vient de ce que nous connaissons

les choses en partie seulement et ignorons pour une grande part l’ordre et
la cohésion de la Nature entière et voulons que tout soit

dirigé au profit de notre Raison; alors que ce que la Raison prononce
être mauvais n’est pas mauvais au regard de l’ordre et des lois de toute

la Nature, mais seulement au regard des lois de notre nature seule.
–Baruch Spinoza

In this section the underlying phenomenological and theoretical concepts – of rele-
vance to this work – of the nucleon-nucleus interaction are briefly described. A compre-
hensive and detailed information is available in, e.g., Refs. [31].

3.1 Nucleon-nucleus reactions

Nuclear phenomena are very complicated and a basic realistic theory able to account for all
the processes involved in nuclear interactions between a nucleus and a projectile, appears
to be a difficult task. Recourse is therefore made to models. Existing models, which
are an imitation of the real thing, give an accurate description only of a limited number of
properties at the expense of less detailed understanding of the remaining ones. Sometimes,
several models are used to emphasize different properties of nuclei and how they interact
with incident projectiles. For example, in the shell model (independent particle model),
nuclei are regarded as a cloud of nucleons moving in more or less independent orbits like
electrons in the atom. Another model is the collective model (liquid drop model) that
treats the nucleus as a drop of fluid where the movements of its constituents, i.e., the
nucleons, behave more or less in a collective way.

One way to obtain information on nuclei is by applying an external probe, e.g., pro-
tons or neutrons, on a nucleus to be studied and observing the energy and angle dis-
tributions of produced particles. Analysis of the characteristic features allow to obtain
information on the nucleus and the way it interacts with the projectile.

� � � � � � � � � 	
� 


� � � 	 � � � � � � � � 	

The scattering of nucleons from a nucleus under a combined effect of projectile-the
central field of the nucleus, can be accounted for by a complex optical potential. This
model accounts for the overall features, such as absorption and distortion of the incoming
waves, the shape of matter distribution etc., expected from general considerations. The
use of a complex potential has its analogy in optics where the real part of a refractive index
of a medium represents scattering of incoming light and the imaginary part its absorption.
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The first quantum-mechanical calculation based on a complex optical potential, that
gave an overall fair description of the experimental data was made as early as 1952 by
Le Levier and Saxon [42]. The further development of the model, has been stimulated
by several measurements [43] carried out shortly after. The results of such experiments
indicated that, in spite of the complexity of the nuclear interactions, the scattering process
is essentially determined by the properties of the bulk of the nuclear matter. The nuclear
structure enters as a second-order effect only. Using a simple square well potential model,
with a complex part to account for the fact that a compound, target and projectile, nucleus
may be formed, Feshbach was able [44] to reproduce overall features of experimental
data.

As more accurate data have become available, the potential has improved so as to
account for other properties of the nucleus. One of these improvements was to account
for the fact that a nucleus is ”diffuse” as the surface.

A general form of the optical-model potential of incident nucleons is given by

� � � � � � �
� � � � � � �

� � �
� �

� (1)

where
�

and � are the real and imaginary parts,
� � �

� � �
� �

is the form factor,� the radius
parameter and

�
is surface diffuseness parameter and is a measure of the the distance over

which the potential falls from its maximum value to zero. Eq.2, is intended to describe the
spatial distribution of the nuclear matter.

� � �
� � �

� �
usually has the Wood-Saxon form:

� � �
� � �

� � �

�

�
� � 	 �

� 

� �� � � (2)

where, � � �
�  � � � , is the radius parameter,

� �

a fit parameter, is the atomic mass and
�

as above. The optical potential has four parameters, and works well in predicting, e.g.,
differential cross section for elastic scattering. As more accurate experimental data have
become available, it was found that a better fit to the data was obtained if the form-factor
parameters were allowed to differ for the real and the imaginary parts of the potentials.
As more terms are introduced in order to take into account other features of the interac-
tion such as spin, the optical-model potential has become increasingly sophisticated and
realistic as well. A nowadays commonly used phenomenological optical potential [45]
has the form:

� � � � � �
�

� � � �
� � � � � � � �

�

� ��� � � � � � � � � �� �
� � �

�
� � � � � � �� �

� � �
�

� � � � � � (3)

where
�

� , � � ,
� � �

and � � �
are fit determined constants,

� � � �
and� � � �

represent the real
respectively the imaginary part of the radial dependence of the potential and

� � �
is the

spin orbit term. Coulomb and isospin terms are not considered, since this work deals with
neutrons. The term in the brackets is the spin-orbit part of the potential.� � � �

is given
by [45]:
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� � � � �

� � � �
� � � � �

�
� �

(4)

The term
� ��

� � � � is the pion Compton wave-length constant,� and � are the Pauli
spin and angular momentum operators for the incident particle and� � � �

is introduced
to account for the absorption. It has a different shape than

� � � �
, and peaks near the

surface where
� � � �

drops at most. The interaction of the incident particle and the nucleus
is more enhanced close to the surface where the Pauli principle is least effective. The
potential as given in Eq. 3 is valid for undeformed target, such as� � C studied in this
work. The knowledge of the optical potential and the formalism of the optical model
together with the scattering theory allow analysis of elastic scattering data. The parameters
of the optical potential [45] can be adjusted as as to reproduce data from elastic cross
section measurements. The optical potential can be used to determine the total, elastic
and nonelastic scattering cross sections (see, e.g., Refs. [46]).

The parameter of can also be obtained by fitting the cross sections predicted by the
potential to experimental data. Three types of optical models can be distinguished; an
optical model obtained from best fit to experimental data [47]. As its name suggests, it
provides the best fit of the experimental data, but is usefulness is limited to one nuclei
and one energy only. The second type is a local optical model intended to represent the
potential of one single nucleus and an energy region of the incident projectile. The third
is a global potential used for several nuclei and within an energy region [48]. It provides
a reasonable coverage of the overall features of the interaction for different nuclei and
energies.

3.2 Nuclear reaction processes

A nucleon-nucleus reaction can proceed through a variety of mechanisms. The main
mechanisms, of interest to this work, are the direct interaction and the compound nuclear
reaction. These are distinguished by the interaction time required for the reaction to be
completed.

Direct interactions are fast and have time scales in the order of 10
�

� � s, which is
approximately the time required for the projectile nucleon to traverse the nucleus. Com-
pound nuclear reactions, on the other hand, are much slower, with time scales in the order
of 10

�

�
�

� 10
�

� � s. These and their subgroups are illustrated in Fig. 9 for typical neutron-
nucleus interactions. The relative importance of the two processes depends on the energy
of the incident particle. The compound-nucleus formation dominates at low energies and
its importance diminishes as the energy increases and more reaction channels become
available. Direct interactions, on the other hand, increase in importance with increasing
energy.

3.2.1 Compound nuclear reactions

In compound reaction processes, the nucleon and the target nucleus coalesce to form a
highly excited compound system. In the nucleus, the projectile undergoes several in-
teractions with the nucleons, and the resulting compound nucleus remains together long

16



enough for its excitation energy to be shared uniformly among its constituent nucleons.
Because of the delay between the formation and the decay of the compound nucleus, and
the randomness of the collisions between the various nucleons in the nucleus, that occur
during the interaction period, the compound nucleus loses its memory in the sense that it
cannot differentiate the captured particle from the other nucleons. In spite of being highly
excited, the nucleus survives for a relatively long tim, compared to the duration of direct
reaction.

Figure 9:Illustration of the two limiting kinds of nuclear-reaction processes involved in neutron-
nucleus interactions; compound-nucleus formation and decay, and direct reactions (Adapted from
Ref. [49]).

These compound process can be visualised as two colliding liquid droplets that com-
bine to form a single compound droplet, which due to its excitation energy, is at high
temperature; its cooling can be thought of as an evaporation of one or a group of its con-
stituents, e.g.,� , � ,

�
, � He or � -particles. If sufficient energy remains in the nucleus after

the evaporation, further particle emission may occur. Otherwise the residual nucleus will
de-excite and reach its ground state by emitting�

� or � � rays.
The cross section for a compound nuclear reaction can be expressed as the product

of the cross section of forming a compound nucleus and its decay probability into the
final channel. Because the compound nucleus has lost its memory, the probability of the
various decay modes will be independent of each other and on the entrance channel as
well.

The rate of the compound-nucleus decay into a given channel can be expressed in
terms of a transmission coefficient, i.e., the probability of an incident particle with a
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given energy to cross the surface of the target nucleus. Using the optical model poten-
tial, the transmission coefficient can be determined and used in Hauser-Feshbach formu-
lations [50], in which the compound-reaction cross section to a given final channel is
expressed as the product of these transmission coefficients.

Since the number of possible decay channels is large, the compound nucleus may
decay rapidly, even though the transmission coefficients of the individual channels are
small. The compound-reaction cross section is therefore expressed in terms of average
transmission coefficients for groups of decay channels times a quantity related to the
number of available states, i.e., the level density [51].

Compound nuclear reactions take place through two phases. The first one is a fusion
of the incident nucleon and a target nucleus, in which a compound nucleus is formed after
successive interactions. In the second phase, the compound nucleus decays by evaporation
(or fission if the nucleus is very heavy). The cross section for the compound nuclear
reaction is thus expected to be a product of the cross section of forming the compound
nucleus and the probability for it to decay into the final channel.

Figure 10:Upper panel: Typical energy spectrum of a neutron-induced reaction with an incident
energy of several tens of MeV. Lower panel: The associated angular distributions show a gradual
transition to isotropy for decreasing energies. Reproduced from Ref. [52].

3.2.2 Direct interactions

This section describes the main features of direct interactions and a short review of the
theoretical processes and models used to describe these processes.
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In a direct nuclear reaction, the projectile and the target nucleus make a short contact
and immediately separate. Their internal states may remain unchanged (elastic scatter-
ing), one or both bodies may be excited (inelastic scattering), one or a few nucleons may
be transferred from the nucleus to the projectile (transfer reactions), nucleon or nucleon
clusters may be knocked out (knockout reactions). This is illustrated in Fig. 9.

As mentioned above, these reactions occur very rapidly, since no intermediate state
is formed. The magnitude of their time scale is approximately the time it would take a
nucleon to traverse the nucleus, which is in the order of a few 10

�

� � s. The short time is
reflected in the relatively weak dependence of the cross section on energy and a strongly
anisotropic angular dependence. This, in contrast to compound reactions, indicates that
the memory of the direction of the motion of the projectile is remembered during the
reaction. Hence, the outcome of the reaction is intimately dependent on the way it was
initiated. When the resulting particle leaves the nucleus, it is again subject to distortion
by the optical potential. due to their properties, direct reactions have been described by a
single-step description of the process referred to as the distorted wave Born approxima-
tion (DWBA). The DWBA is an advanced form of the Plane Wave Born approximation
(PWBA) where instead of plane waves (� �

exp(� � � � )) uses first order perturbation theory
and wave functions (� �

exp(� � � � ) + � � � � � � ) of the particles in the average potential field
of the nucleus. In the DWBA, the wave of the incident particle is changed (distorted)
by the nuclear optical potential before the incident particle interacts with one of the nu-
cleons in the nucleus. The distorted waves employed are usually obtained by solving
the Schrödinger equation using the optical model potential that have been fitted to elastic
scattering data. The cross section is, therefore, governed by a matrix element between
the intial and the final states, and, consequently, involves an overlap between their waves
function. Thus, three distinct elements are involved in the calculation; the optical model
potential, the (effective) nucleon-nucleon interaction and the initial and scattered waves
functions

A basic starting point for the description of a direct reaction,
�

� � � � � � from
the initial state� to the final state� , in the frame of DWBA is the transition amplitude,� � 	

, given by [49]:

� � 
 � �� 	 �  � � � �	 � 	 � � 	 � � � � � � ��
� (5)

where� � � ��
and � � � �	

are the wave functions as obtained from the optical model. Solution
of the Schrödinger equation allows to obtain the transition amplitude

� � 	

� � 
 � �� 	 � � � � � � � � � 	
� � 	 � �  �

� � � � � �
� � �

� � � � � � �
� � � � � � � � � 	 �

(6)

� �
and � 	

are the vector coordinates of the intial system� respectively the final systems� .� � � � and
� � � � are the outgoing and the incoming waves of the systems (

�

� � ) and (� � � ),
with respective momenta

� �
and

� 	
before and after the collision.

 �
� � � � � � �

�
�

is the matrix elements of the transition from initial to final state, and
�

is the effective
interaction potential.
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In the DWBA model, the cross section of the transition
�

�
� � � � � , i.e., � � � ,

is given by

� �
�

� �

� � � �
� � � � �� � �

� � �

� �
� �

�

� �� � �� � � 	
 � � 
  � 
 � � 
 �
� � � � �

�
� (7)

where � �
and � �

are the intial and the final reduced masses of the systems� and � ,
respectively and

�� �
and

�� � the angular momenta. The summation is carried out over the
various magnetic states� � � � � � � �

and � �
, and

� � �
is the transition amplitude.

Two reaction types are of particular importance. The first one is the pick-up (see
Fig.10) reaction during which one or a few nucleons are stripped away from the nu-
cleus, e.g.,� � C, and picked-up by the projectile. An example of such a reaction is the
here measured (� � � ), where the incident neutron picks up a proton from the� � C nucleus.
Multiple-nucleon pick-up is also possible but less probable than single-nucleon pick-up.
The second type concerns the knock-out reactions, in which a nucleon or a light nucleus
(cluster of nucleons) is ejected from the target nucleus by the projectile nucleon which
itself continues freely. This leads to a final state which is composed of three or more
particles. These reactions are knownas quasi-free scattering, because the knocked-out
nucleon (or cluster of nucleons) behaves as being free from the rest of the target nucleus.
An example of such a reaction is (� � � � ). Reactions such as (� � � � � ) on carbon may pro-
vide some information on the existence of preformed� -clusters within the nucleus, and
be identified in the spectra of� -particles.

As can be seen from the lower panel of Fig. 10, the direct and compound reaction pro-
cesses deviate markedly in what concerns the angular distribution of the energy-integrated
differential cross section. In compound nuclear reactions, ejectiles tend to be emitted
isotropically or symmetrically around� � 
 �

90� whereas for direct processes, the emit-
ted particles spectra are forward-peaked.

3.2.3 Preequlibrium nuclear reactions

Direct and compound reactions are not mutually exclusive; both contribute in a given
reaction. Furthermore, in a given reaction, there will usually be a continuous spectrum of
intermediate reaction processes between the two extreme ones. These processes, which
do not fall in either category, are known as preequilibrium reactions and also referred to
as multistep reactions.

In such a process the incident nucleon can be thought of as making multiple collisions
with the various nucleons of the target nucleus. Particle emission can take place with a
time scale which is longer than that of a direct reaction (about 10�

� � s) but much shorter
than the time scale of a compound nuclear reaction (about 10�

� �
� 10�

�
�

s). At each
collision, the incident nucleon loses only a small fraction of its energy, which does not
lead to a highly excited nucleus. In case the incident particle escapes, it will lead to direct-
reaction inelastic scattering, with the target nucleus being left in one of its low-laying
excited states. If the struck nucleon also escapes, there is a direct knock-out reaction,
while if it escapes and is bound to the incident nucleon, there is a pick-up reaction. The
incident nucleon could also suffer a second collision and loose more of its energy. In this
case the target nucleons are excited to higher nuclear states and may be emitted. After
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several collisions, the incident nucleon no longer has sufficient energy to escape from
the target nucleus; its incident energy has now been shared among the target nucleons,
resulting in a compound nucleus.

Preequilibrium reactions are divided into multistep compound (MSC) and multistep
direct (MSD) reactions. MSC occurs when all nucleons, i.e., the incident nucleon and
the target nucleons, after some interactions occupy only bound states, and MSD when
at least one of the nucleons is in the continuum. These steps are depicted in Fig. 10.
High-energy particles are emitted from direct processes, while those with lower-energy
particles originate from compound processes. Multistep and quasi-free processes result
in intermediate energies. The lower panel shows the angular distribution of the energy-
integrated differential cross section for the various processes shown in the upper panel.

The MSD processes, where at least one particle occupies the continuum, dominate
at relatively high energies and results in forward-peaked cross sections. MSC plays a
role at relatively low incident energies. The two processes have been described by various
quantum-mechanical theories, of which the most known are due to Feshbach, Kerman and
Koonin, also known as the FFK theory [53], Tamura, Udagawa and Lenske [54], Lenske
and Walter [55] and Nishioka, Weidenm¨uller and Yoshida [56].

One of the advantages of quantum-mechanical theories is their ability to predict accu-
rately the angular distributions of preequilibrium ejectile, which are governed by inherent
quantum effects, such as diffraction and refraction. Nonetheless, it should be pointed out
that one of the major problems in nuclear-reaction theory is the lack of a proper treat-
ment of the scattering processes at energies where two or more of the above mentioned
processes compete.

3.3 Nuclear-reaction-code calculations

3.3.1 The GNASH code

The experimental data are compared to results from two calculations, both based on the
nuclear reaction code GNASH [57], but they use two different sets of parameters as de-
scribed in Refs. [37] and [58], respectively. For practical reasons, the two calculations by
GNASH are designated as version I [37] and version II [59].

While version I has been widely used lately, version II is a recent calculation devel-
oped especially for high-energy cross-section evaluations, e.g., spallation reactions, with
energies up to several GeV. Below a brief description of the GNASH code is provided and
it is also clarified in the way version II is differs from version I.

The GNASH code uses the exciton model for preequilibrium emission and Hauser-
Feshbach theory for sequential equilibrium decay. It uses the optical model, direct, pree-
quilibrium, and statistical nuclear reaction models in one calculation scheme. For carbon
at an incident neutron energy,

�
�

�
96 MeV, taking into account the complexity and num-

ber of open channels, the computational scheme involves direct plus preequilibrium reac-
tion calculations followed by subsequent compound-nucleus decay of all possible residual
nuclides by means of the Hauser-Feshbach statistical model. Predicted quantities of inter-
est include total, single- and double� differential cross sections for light charged-particle
emission.

For the Hauser-Feshbach statistical approach, the necessary transmission coefficients
for particle emission are calculated from optical model potentials (OMP), which describe
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the scattering of the various particles, e.g.,� , � , � ,
�
, � He-ions and� -particles, over a

large energy range. The transmission coefficient for neutrons is also needed since neutron
emission is also a competing channel. For complex particles, the optical potentials were
directly derived from the nucleon potentials using Watanabe’s folding approach [60].

Furthermore, it is assumed that all possible ways of sharing the excitation energy be-
tween different particle� hole configurations with the same exciton number have equal
a-priori probability. The exciton model [61, 62] implemented in GNASH is a one-
component exciton model developed by Kalbach [63], with a parameterisation for the
energy dependence of the squared internal transition matrix element which has been val-
idated at relatively low incident energies (below 40 MeV). There are indications that at
higher energies, this energy dependence is no longer appropriate and that a more general
form, covering a wider energy range, is required. For preequilibrium reactions involv-
ing deuterons, tritons,� He-ions and� -particles, a contribution from the exciton model is
automatically calculated with GNASH.

The calculated energy spectra are folded with Kalbach’s systematics [64] for the an-
gular distributions. Moreover, the results given by GNASH are obtained in the centre-of-
mass system of the recoiling nucleus plus outgoing particle. Assuming two-body kine-
matics, the output data as a function of channel energy were transferred for the GNASH
calculations to data as a function of outgoing particle energy in the laboratory system,
as described in Ref. [35]. This transformation is approximative only, when applied to
the whole emission spectra including multi-particle emission, since the velocity of the
boost used for the transformation is valid only for the first particle emission, but not for
successive ones. For large-velocity boosts, which is the case for particle emission from
light targets, e.g.� � C, the approximation is therefore crude. Hence, a more appropriate
transformation is called for.

In version II of GNASH, the CM-to-LAB transformation is performed using an em-
pirical description, in which the moving source model [65] and the Kalbach systematics
are used for the evaporation and preequilibrium components, respectively. The optical
parameters for composite particles are different from those used in version I; they were
obtained from Dave�

� � � �

� [66] for neutrons, Chiba�
� � � �

� [67] for protons, Daehnick
�

� � � �

� [68] for deuterons, Watanabe [60] for tritons and Ingemarsson�
� � � �

� [69, 70] for
� He-ions and� -particles. In addition, the level densities with default parameters were
obtained from Ignatyuk�

� � � �

� [71]. The level widths in the statistical decay between
discrete levels were taken into account in the case where these widths are larger than
the energy step 0.25 MeV used in the calculation. The normalisation factor used in the
preequilibrium model calculation was determined from an analysis of proton-induced re-
actions. In addition some modifications, which can be found in Ref. [59], were made in
the preequilibrium exciton model. For deuteron emission, the component with the exciton
number 3 was ignored. Instead, the DWBA cross section for the direct pick-up transition
to the ground state was calculated using the DWUCK code [72]. For other transitions, the
direct pick-up component was calculated using a phenomenological approach Ref. [73],
and adjusted so as to obtain good agreement with experimental data of (� � � � ) reactions
at 68 MeV [74, 75]. The� -particle knockout component was ignored.
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3.3.2 The Intra-Nuclear Cascade Model (INCA)

The INCA model which is intended to describe preequilibrium processes, was developed
in the 1940s and has been successfully used in Monte Carlo techniques to simulate ions
from nucleon-nucleus reactions in terms of individual successive nucleon-nucleon colli-
sions, where the incident particle collides with one or several nucleons of the target nu-
cleus. The struck nucleons, in turn, collide with the unperturbed nucleons and a cascade
develops. The INCA makes use of the free nucleon-nucleon experimental cross sections
taking into account the Fermi motion and the Pauli blocking of the nucleons in a semiclas-
sical manner. The trajectories of the nucleons are followed in coordinate and momentum
space. The INCA results used for comparison with the experimental production cross
sections are from the Brenner and Prael code [76]
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4 Measurements of neutron-induced cross sections at
96 MeV

The skeptic does not mean him who doubts,
but him who investigates or researches,

as opposed to him who asserts and thinks that he has found.
–Miguel de Unamuno

The TSL neutron-beam facility, which is described extensively elsewhere [4, 8],
makes use of the� Li(p,n) � Be reaction (Q=� 1.64 MeV) to produce a neutron beam which
is quasi-monoenergetic. Fig. 11 shows an overview of the TSL neutron-beam facility.
A proton beam from the cyclotron impinges on a 4 mm thick lithium target (about 200

� � /cm� ), enriched to 99.98
�

in � Li. After traversing the Li target, the proton beam is
bent by means of two deflecting magnets to an 8 m long well shielded beam dump.

Figure 11:An overview of the TSL neutron-beam facility, showing the neutron production sys-
tem, the proton beam dump, the neutron collimation system as well as the MEDLEY setup.

A set of collimators, installed in the zero-degree beam direction, shapes the neutron
beam prior to delivery into the experimental hall where the MEDLEY setup [77] is located.
Charged particles created during the shaping of the neutron beam are deflected away by a
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clearing magnet. At the position of the reaction target, i.e., at the centre of the MEDLEY
scattering chamber, the collimated neutron beam has a diameter of about 8 cm.

The accelerated proton beam of 98.5 MeV produces neutrons of about 96 MeV. The
neutron energy spectrum at 0� angle is composed of a high-energy peak containing roughly
40

�
of the neutrons, and a flat continuum of lower-energy neutrons, roughly evenly dis-

tributed in energy. A typical proton beam current of about 5� A, produces a neutron flux
of about 6� 10� neutrons� s

�

�
� cm

�

� at the reaction-target site in the experimental hall. The
monitoring of the relative neutron flux is performed by measuring the integrated proton
beam current with a Faraday Cup, located in the beam dump (BD). In addition, a thin-
film-breakdown counter (TFBC) [78], measuring the number of neutron-induced fissions
in � � � U, is used as a second monitor. The absolute uncertainty in the measured neutron
fluence is about 20

�
.

4.1 The MEDLEY setup

The reaction targets are mounted in three aluminium frames, which are mounted in the lid
of the 100 cm diameter and 25 cm high MEDLEY scattering chamber at an angle of 45�

with respect to the neutron-beam direction.
The light charged particles, produced in the reaction target, were detected by means of

eight three-detector telescopes (Fig. 12), arranged so as to cover laboratory angles ranging
from 20� � 160� in steps of 20� , and mounted on a rotating table that constitutes the bottom
plate of the MEDLEY chamber.

Figure 12: The arrangement of the elements in the MEDLEY scattering chamber. Depicted
are: the reaction target, the detectors, the 0.1 mm stainless-steel chamber termination foil and the
TFBC neutron monitor.

Each telescope contains a thin�
�

� (50 or 60 � m) and a thicker�
�

� (400 or 500
� m) detector, both being fully depleted standard silicon surface-barrier detectors having
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an active area of about 450 mm� . The
�

detector is a CsI(Tl) scintillator crystal (total
thickness 50 mm), and is tapered to match the area of an 18x18 mm� photodiode used as
a light read-out device. All the detectors are mounted in a cylindrical aluminium housing.
An active collimator is mounted in front of each telescope to define the solid angle accep-
tance. The collimator is a 1 mm thick plastic scintillator, which has a cylindrical opening
of 19 mm in diameter and is mounted concentrically with the corresponding telescope
axis. The thickness of the collimator is chosen so as to allow reasonable pulse heights
even for 100 MeV protons. A close-up view of the telescope arrangement, including the
collimator, is given in Fig. 13.

Figure 13: Details of the telescope. Depicted are the thin detector (� � � ), the thick detector
( � � � ) the CsI detector (� ), the PM tube (PMT), the collimators and the detector housing (dashed
area).
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5 Experimental procedures and data analysis

Two different carbon targets and one polyethylene (CH� ) target were used in the exper-
iment. The targets, which are disc-shaped, have the dimensions 0.15 mm thick (25 mm
in diameter), 0.50 mm thick (22 mm in diameter) and 1 mm thick (25 mm in diameter)
for the two carbon and the polyethylene targets, respectively. The advantage of this target
combination is twofold, the thick target allows good statistics and the thin one enables
cross checks of the corrections of the energy and particle losses in the targets. For abso-
lute cross-section normalisation purposes, the polyethylene CH� target was used, and the
cross-section normalisation is achieved by making use of the well-known np scattering
cross section.

5.1 Particle identification and energy calibration

The energy calibration ( Paper III) and the particle identification, i.e., the procedure during
which events from different particle types are assigned an identification (ID), is performed
by the �

�
�

�
technique, a detailed description of which is given in Ref. [4]. Typical

�
�

� � �
�

� and �
�

� �

�
scatter plots are shown in Fig. 14. The plots represent particles

produced at 40� laboratory angle from 96 MeV neutrons on the 0.5 mm thick carbon
target. The upper panel shows particles that stopped in the�

�
� silicon detector, and the

lower panel those that passed through the�
�

� detector and stopped in the
�

detector.
Plots of this kind, acquired during the experiments, are used for the energy calibration.
The calibration is carried out by fitting the data to energy-loss calculations (shown as solid
lines in the figure) obtained from the ENELOSS code Andersen and Ziegler [79, 80, 81]
and using the detector thicknesses provided by the manufacturer.

The calibration check for the�
�

� detectors is provided by using the 5.485 MeV� -
particles from a�

�
� Am source, placed in front of the forward telescopes and viewed by the

�
�

� detectors. The backward telescopes view the source after turning the bottom plate
of MEDLEY 180� . For the CsI(Tl) scintillators, which exhibit a non-linear scintillation-
light-energy behaviour, the calibration is done by using a three- and a four-parameter
formula, similar to the one adopted by Twenh¨ofel [82], to describe the CsI(Tl) response
for the hydrogen and the helium isotopes, respectively. A thorough description of the
calibration can be found in Refs. [4]. The ground-state transitions in the� � C(� � � ) � � B and

� � C(� � � ) � � B reactions provide supplementary calibration points at high energy. The total
energy of each particle is obtained as the sum of the energy losses in the�

�
� , �

�
� and

�
detectors.

By making a projection onto the�
�

� axis of data belonging to an energy interval
of a few MeV in the various punch-through points in the plot for the�

�
� and �

�
�

detectors, and making a Gaussian fit to the data, the resolution of the�
�

� detector have
been estimated to 70 keV and 220 keV for 6 MeV protons and 35 MeV� -particles,
respectively. Similarly, resolution in the order of 60 and 650 keV for 75 MeV protons
and 40 MeV � -particles for the�

�
� detector have been estimated from the�

�
� and

�
2D-plot (lower panel of Fig. 14. The reactions� � C(� � � ) � � B� � and � � C(n,d)� � B� � have

also been exploited to determine the resolution, which was found to be about 2.4 MeV and
1.7 MeV (FWHM) for protons and deuterons, respectively. The overall intrinsic resolution
of an entire telescope is estimated to about 2 MeV (FWHM) in the high-energy region,
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Figure 14:Typical two-dimensional spectra showing the energy losses,� � � versus� � � (upper
panel) and in� � � versus� (lower panel). The data were obtained at an angle of 40� using
96 MeV neutrons on the 0.5 mm carbon target. The continuous solid lines are the results of
energy-loss calculations for the silicon and the CsI(Tl) detectors. The notations� , � , � , � He, and

� stand for protons, deuterons, tritons,� He-ions and� -particles, respectively.

i.e., about 80 MeV, with contributions of 1 MeV each from the spread of the neutron
spectrum and from the energy loss in the 0.5 mm carbon target (0.7 MeV and 2.3 MeV,
for protons and deuterons respectively).

5.2 Neutron TOF and charged particle spectra

Using the timing information registered by the TDC, i.e., the time difference between the
MASTER signal and cyclotron RF signal, and the signal provided by a given telescope
detector, time of flight (TOF) information can be assigned to each event. The measured
TOF is the sum of the flight times of the neutron and the charged particle. Knowledge of
the energy and the charged-particle flight distances, i.e., the target-to-detector distance, is
used to calculate the charged particle TOF, which is subtracted from the measured total
TOF to obtain the neutron TOF. The latter is finally used to create a two-dimensional
plot of the charged particle energy versus the neutron TOF, which allows selection of the
charged particle events induced by ”mono-energetic” 96 MeV neutrons.

Projection of the data within the band onto the TOF axis, results in a peak with a width
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(FWHM) of about 6� 7 ns, with a contribution of about 4� 5 ns from the duration of the
cyclotron beam pulse. Taking this contribution into account, the intrinsic time resolution
of the MEDLEY detection system has been estimated to be 4� 5 ns.

After each event has been assigned ID and energy, and TOF has been verified to be
consistent with mono-energetic neutrons, the data are sorted into histograms according to
particle ID, telescope number and target type.

The maximum energies of charged particles that stopped in the�
�

� detector, defines
in principle the low-energy thresholds, which were about 2� 4 MeV and 9 MeV for hydro-
gen and helium isotopes, respectively. For� -particles, however, the low-energy threshold
was pushed from 9 down to about 4 MeV, by considering also events for helium isotopes
that stopped in the�

�
� detector with a deposited energy larger than the maximum energy

loss for hydrogen isotopes.
Background spectra were subtracted from the carbon and the CH� spectra, after cor-

rection of the corresponding histograms for CsI efficiency decrease because of nuclear
reaction (up to 10

�
) and dead times (1� 10

�
depending on the run) and normalised to

the same neutron flux.
The cross sections were normalised relative to� � elastic scattering by using the data

obtained from the CH� target runs at angles of 20� and 40� . After subtraction of contri-
butions from the� � C(� � � � ) and target-out background a recoil-proton spectrum from the

� � elastic scattering was obtained. The number of events in the� � peak, was then related
to the elastic scattering cross section measured at 96 MeV [83], with a precision of about
2

�
. The ratio of the known� � elastic scattering cross section to the number of counts

under the� � peak, � � � � � , provides the normalisation. The cross section per count for
the carbon target� is given by

� ��
�

� � �� �

�
� �

� � � �
� � � �

� �

� � � �
� �

� � � �� � � (8)

where, � is the molecular mass,� is the specific target mass (g/cm� ),
�

is the relative
neutron fluence from the beam monitors (neutrons/cm� ) and

�
is the solid angle from the

target to the detector. The subscript CH� refers to the polyethylene target.

5.3 Data corrections

In addition to the corrections mentioned hereinabove, data were further corrected for i)
collimator effects, ii) target effects, i.e., energy and particle losses due to the target thick-
nesses, and iii) the wrap� around effect caused by the interference of low-energy neutrons
(below 20 MeV), with 96 MeV neutrons defined by the peak in the TOF spectrum. These
corrections and the errors associated with them, are discussed below.

As was mentioned earlier in Sec. 5, data from some of the collimators have been used
to determine the fraction of the detector solid angle that is covered by the material of the
corresponding collimator. Analysis of these data, taking the geometry of the collimator
and the detectors into account, resulting in a fraction of about 20

�
of the surface of the

Si detector being covered by the collimator.
Particles that pass through the collimator material are subject to energy losses and

are, consequently, registered by the detectors with energies lower than their initial ener-
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gies. This effect is of low significance for, e.g., high-energy protons; a 90 MeV proton
looses about 0.7 MeV in the collimator material. The corresponding losses are large for
� -particles which completely stop in the 1 mm thick collimator if their energies are below
35 MeV. � -particles with higher energies pass through the collimator, but suffer consider-
able energy losses, and most of them are consequently registered with energies far below
their initial energy. The applied correction for the energy and/or particle losses in the
collimator material of the various charged particles spectra amounted to 7

�
at the most.

The use of a relatively thick target, to obtain a reasonable count rate, leads inevitably
to a distortion of the measured spectra, since particles passing through the target lose some
of their energy. The energy measured by the detectors therefore needs to be incremented.
Furthermore, some of the particles that are created with low energy, will loose all their
energy and stop in the target. Consequently, considerable particle-loss corrections have to
be applied to the spectra at low energies, in particular for� -particles. In the case of the 0.5
mm thick carbon target, the particle-loss corrections apply from threshold and up to about
20 MeV for hydrogen isotopes and up to about 40 MeV for� -particles. The maximum
particle-loss correction, which is applied to the� -particle spectra obtained from the 0.5
mm target, is of the order of a factor of 30 at the lowest energy bins and decreasing with
increasing energy. For the 0.15 mm target the corresponding corrections are lower and
apply from threshold and up to about 10 MeV and 20 MeV, for hydrogen and helium
isotopes, respectively. The corrections are determined from the code GEANT [84].

Figure 15:Experimental double-differential cross section for� -particle of the reaction� � C(n,� � )
at � � � 96 MeV at 20� laboratory angle for the carbon targets before application of the target
corrections.

To check these target corrections, a
� � value, according to Eq. 9, has been computed

for the thin and thick carbon-target spectra before and after application of the energy and
particle-loss corrections.
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� � � � � 

� � � 	

� � � � � � �
� (9)

where, � � � � � � � � � � �
and � � � � � � � � � � �

are the cross sections from the thin (0.15� � )
and the thick (0.50� � ) carbon targets at each energy bin� , and � � � � �

is the error
associated with the corresponding cross section,� � � � � � � � � � �

, for that bin.
The obtained

� � = 0.65, demonstrates best the accuracy of the target corrections. As
illustrated in Fig. 15, good agreement is obtained, between the spectra from the thin and
the thick targets over the entire energy range.

The timing window between two consecutive neutron pulses is about 58 ns. This
causes a wrap-around problem, which makes it impossible to distinguish a 96 MeV neu-
tron from one at about 20 MeV, created by the previous beam burst. The Q-values for the
reactions under study are� 12.5, � 13.7, � 18.9, � 19.5, and� 5.7 MeV for the different
ejectiles, protons deuterons, tritons� He-ions and� -particles, respectively. Neutrons with
energies of about 20 MeV are, thus, with the exception of� -particles, rather inefficient in
creating particles, since the reaction channels for particle emission open up slowly near
threshold. The effects on the hydrogen-isotope data due to this problem are, therefore, lim-
ited. The corrections are estimated to be about 2

�
by using the calculation from Ref. [37]

and the distribution of low energy neutron Ref. [85, 86]. For� -particles, the corrections,
which are in the order of 20

�
, have been estimated by using the calculations [37, 59] and

the neutron flux information. For� He-ions, whose Q value is comparable to protons, the
applied correction is in the order of 2

�
.
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6 Results

6.1 Cross sections

6.1.1 Double-differential cross sections

The cross sections (Paper III) shown in Figs. 16 and 17, exhibit a monotonically decreasing
behaviour with increasing emission energy for angles larger than 40� .

Figure 16: Experimental double-differential cross section (open circles) of the reaction
� � C(� � � � ) for � � � 96 MeV at laboratory angles 20� , 40� , 100� and 120� . The stars and the
continuous solid lines represent the theoretical GNASH calculations from Ref. [37] for� � �
100 MeV and Ref. [59] for� � � 96 MeV, respectively, as described in Sec. 3. The dotted curves
represent preequilibrium calculations for the� � C(� � � � ) reaction for�

�

� 96 MeV Ref. [87].

The pronounced evaporation peaks, seen at low energies are, most likely, due to
compound-nucleus evaporation indicating that statistical equilibrium has been reached.
In general, the GNASH version I and version II calculations give a fair description of the
experimental data. There are however several discrepancies, some of which large.

� � � C(� � � � ), � � C(� � � � ) spectra

For protons, as shown in Fig. 16, the peaks visible at laboratory angles of 20� and 40� ,
at the upper end points of the energy spectra, are most likely due to a strong component
of a direct reaction, e.g., (� � � � ) scattering. These peaks are not present in either of the
two GNASH calculations, since the GNASH does not include the DWBA calculations for
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Figure 17:The reaction� � C(� ,�
� ) same labels as in Fig.16. Note the logarithmic scale of the

ordinate axis.

direct (� � � ) reactions to discrete levels of the final nucleus. Instead, the low-lying levels,
a total of 15, for excitation energies [88], up to 6.6 MeV, of the residual nucleus,� � B, have
been used as input in the GNASH version II.

The broad bumps in the mid-energy range, centered around 40� 50 MeV are best de-
scribed by the dotted curves seen in Fig. 16. The curves represent a calculation of Blann
and Chadwick for the� � C(� � � � ) reaction at 96 MeV with a Monte Carlo preequilibrium
model [89]. This calculation gives a better account of the data at medium energies, indi-
cating that the bumps originate most likely from preequilibrium decay, but could also be
due to a strong component of a direct reaction such as quasi-elastic scattering. The cal-
culation does not reproduce the data at lower energies, i.e., below 20 MeV, since it does
not include equilibrium emission. The peaks at low energies (in the evaporation region)
persist at all angles as expected, assuming a compound-nucleus decay.

� � � C(� ,� � ) spectra

For � -particles, as shown in Fig. 17, the two model calculations deviate markedly
from the experimental data for forward angles. For backward angles, the experimental
data are, however, fairly well described by the GNASH version I and II calculations. In
the GNASH version II calculations, as mentioned in Sec. 3.3, the knockout component
is neglected, while version I makes use of a knockout component based on phenomenol-
ogy [73]. This is the main reason why the� -particle energy spectra from version I (stars)
extend towards higher energies than the spectra from version II (continuous solid lines). In
the mid-energy region, i.e., above 30 MeV, the GNASH calculations deviate severely from
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the data as the calculated preequilibrium component of the two GNASH versions appear
to dominate over the data by as much as a factor of 2� 3. Note that this kind of mismatch,
between the data and the theory, is also seen in the triton spectra, although less enhanced.
Nevertheless, the contribution to the total yield of� -particles of medium energy is small
and amounts to only about 6

�
[4, 88]. In the calculations, the three body� -particle

breakup is included by allowing the sequential decay of� � C into 3� -particles [90].
The magnitude of the evaporation peak at low energies is expected to be isotropic in

the CM-system, assuming a statistical decay. The evaporation peak in the spectra (Fig. 17)
is, however, a factor of 10 higher at forward angles as compared to backward angles. For
protons, the corresponding factor is 1.4 only. The large forward-backward asymmetry is
caused by the CM-to-LAB transformation [58].

A model which has been quite successful for the description of� -particle emis-
sion from � � C, is the 3� -clustering model, in which� � C is thought of as consisting of
3� -particles. The nucleus may then easily break up into 3� -particles; a process which
proceeds either through a four-body break-up, i.e.,

� + � � C � � � + � �
�

�
�
� � � + � � � � � (a)

or, into a � Be nucleus and an� -particles, i.e.,

� + � �
� � � � + � �

�
�

�
� � � + � Be + �

�
� � � � � . (b)

A third possibility is the direct knock-out of an� -particle with a residual� Be nucleus,
i.e.,

� + � �
� � � � + � �

�
�
� � � + � Be + �

�
� � � � � . (c)

For the cross section data [4] used in this work, it is likely that considerable part of
the low-energy� -particles is due to a sequential three-body break-up of a� � C nucleus. It
seems justified to assume that a measured� -particle at 96 MeV for the majority of cases
is a signature of an event with three emitted� -particles.

The limited solid angle of the experiment [4] makes it impossible to measure final
states with more than one� -particle. However, low-energy compound and high-energy
knock-out reactions (please see following discussion) suggest that 3� -particle events are
most common at 96 MeV, given that one alpha particle is measured.

Earlier direct measurements on the abundance of� -particle events carried out by
Antolković �

� � � �

� [91] at 35 MeV, and information from studies of� � C(� � � ) � Be reaction
by Epstein �

� � � �

� at 57 MeV [92], showed that the decay of the excited� � C nucleus
proceeds dominantly as a sequential decay leading to the ground state and the first excited
2.9 MeV state in� Be. These states are known to decay into two� -particles. Moreover,
studies of quasi-elastic proton-alpha collisions in carbon [93] at 150 MeV showed that
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besides the ground state and 2.9 MeV state, also the 11 MeV state in� Be is populated
very strongly; a state that also decays swiftly into two� -particles. Since there is no
reason to assume that a neutron-induced knock-out reaction should be very different from
a proton-induced one, it is concluded that the 3� -particle production dominates the� -
particle production in 96 MeV n-� � C scattering independent of the reaction mechanism.
How much of the reaction that stems from the� decay of an excited� � C nucleus from
( � � � � ) scattering and how much that stems from quasi-elastic knock-out of an� -particle
accompanied by 2� -particle decay from� Be is not known. However, since in the latter
case there should be one high-energy and two low-energy� -particles, some information
could be inferred from the shape of the measured inclusive� -particle spectrum. The
fraction of the high-energy part of a measured� -particle spectrum is small as compared
to the low energy part, suggesting that the quasi-elastic knock-out is not significant at
96 MeV. In any case, the essential point is that it seems plausible to assume that the final
state, in inclusive� -particle production, is made up mostly of three alpha particles. Direct
simultaneous three� -particle break-up is believed to have a small contribution only [94].

6.1.2 Differential and total cross sections

For each energy bin of the outgoing charged-particle spectra, the angular distribution of
the double-differential cross section is fitted by the simple Kalbach [64] two-parameter
formula, �

� � �
�

�
�

� � �
� � �

� � � � � � �
, where,

�

and � are experimentally determined fit
parameters and� is the laboratory angle. A theoretical justification of the formula can
be found in Ref. [95], Using the formula allows to extrapolate and interpolate for the
missing cross sections. The formula gives a fair description of the variation of the double-
differential cross section with angle for the measured particle spectra.

By integrating the angular distribution of the double-differential cross section,
�

� � �
�

�
�

�
, i.e., the measured and the extrapolated ones, the corresponding energy-

differential cross sections,� � �
�

�
, are deduced for each measured particle, according

to Eq. 10,

� �
�

�
� � � � � �

�
� �

�
�

�
�

� � �

�

� � � � � � � � � � � � � (10)

where, � � �

is the angular step. The resulting energy-differential cross sections for� ,
� ,

�
, � He-ions and� -particles are shown as open circles in Fig. 18. Also shown are the

results from a previous measurement (filled circles) [52], and from the two GNASH model
calculations. Clearly, the hydrogen-isotope data from this experiment as well as those
from the previous one, with the exception of the very low energy bins, agree fairly well
over the whole energy range. With the exception of the discrepancies seen in the deuteron
data in the energy region 20� 40 MeV, an overall good agreement is observed between
the two calculations (stars) [37] and (continuous solid lines) [59], and the measurements
of the hydrogen isotopes. For the helium isotopes, on the other hand, the discrepancies
between the model calculations and the experimental data are substantial, in particular for

� -particles.
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Figure 18: Angle-integrated energy distribution for protons, deuterons, tritons,� He-ions
and � -particles for the� � C(� � � � ) reaction at

�
�

�

96 MeV from this work (open circles).
The filled circles represent data from a previous measurement [52] at

�
�

�
95 MeV. The

stars and the continuous solid lines represent the GNASH calculations version I [37] and
version II [59], respectively.

Total production cross sections,�
� � �

� , are obtained simply by summing the energy-
differential cross sections,� �

�
�

�
, over all the energy bins, according to Eq. 11,

�
� � �

� �

�
� �

� �
�

� � � � �
�

� �
� (11)

where, �
� �

is the width of the� -th energy bin. The production cross sections from this
work as well as from other measurements and calculations for� , � ,

�
, � He-ions and� -

particles are shown in Fig. 19 and given in Table 1. The errors given for the measured
data in the first row are due mainly to counting statistics.

Extrapolation from the low-energy thresholds, as given explicitly above, down to
zero energy are based on the GNASH version I and version II calculations. The mean
values of the two extrapolations, have been used to complete the data for the missing
energy bins due to thresholds. The calculated cross sections from the GNASH version I
and version II, are shown in the second and the third rows of Table 1, respectively. Data
from the GNASH version I are obtained by interpolation of data calculated for neutron
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Figure 19:Integrated particle production cross sections for protons, deuterons, tritons,� He-ions
and � -particles in carbon versus incident neutron energy. The filled circles represent the present
measurements, and the filled squares the data from Dangtip� � � � �

� [52]. Open circles are data from
Louvain-la-Neuve, Slypen� � � � �

� [96] and Dufauquezet al., [97], open triangles from UC Davis,
Subramanian� � � � �

� [98], and filled triangles from Kellogg [2]. Open squares represent predictions
from the INCA code of Brenner� � � � �

� [76]. Solid curves are GNASH version I calculations from
Chadwick � � � � �

� [37], and the stars GNASH version II predictions from Watanabe� � � � � , [59].

energies of 100 and 90 MeV. Errors of 10
�

[99] have been assigned to the extrapolated
cross sections (second row) as well as to the calculated ones (third and fourth rows) for

� , � and � -particles. For
�

and � He-ions, a larger error of 20
�

has been used, since only
calculations from GNASH version II exist for these particles. Production cross sections
measured by Kellogg [2] at

�
�

�

90 MeV are given in the fourth row, and the previously
measured data from Dangtip�

� � � �

, [52] at
�

�
�

95 MeV in the fifth row. The final total
production cross sections, given in the last row of Table 1, are obtained by taking the
average values of the extrapolations, and adding them to the experimental cross sections
(first row). The systematic uncertainties in the measured data are estimated to 9

�
and
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6.2 KERMA Coefficients

Partial neutron KERMA (Papers II and IV) coefficients, i.e., the KERMA for production
of a specific charged particle per unit neutron fluence, are obtained directly [101] from
the measured microscopic cross sections,�

�
�

�
�

�
�

�
, using a two-fold integral of the

energy-weighted double-differential cross section over energy and angle,

� � � � � � � �
� �

�
�

�
�

� � �

� �
�

�
�

� � (12)

where,
�

is the number of nuclei in the target per unit mass. Adding these partial KERMA
coefficients and including the elastic contribution and contribution from particles with
masses larger than those measured in this work, i.e.,� � � (generally a theoretically
calculated value), provides an estimate of the total KERMA coefficient at

�
�

�
96 MeV.

6.2.1 Partial and total KERMA coefficients

Energy-integrated angle distributions determined according to eq.
� �

are used to calculate
the partial KERMA coefficients through

� � � �

� � �

� � � � �
� � � �

� � � � � � � � � �
� � � �

� � � � �
� �

� � � �
�

� � � (13)

where � denotes the energy bin number and
� �

is the mean energy of that bin. With N =
0.80405� 10

�

� for carbon, the resulting KERMA coefficients are in units of Gy� m � [102].
The result from experimental thresholds and upwards,

� � � � � �
� � �� � � � � � � , is given in the the

first row of Table 2. The model calculations have been used to extrapolate the KERMA
coefficients for the missing energy bins in a similar way as was done for the cross sections.

The evolution of the various KERMA coefficients versus the incident neutron energy
is shown in Fig. 20. Clearly, the deduced KERMA coefficients for protons and deuterons
(filled circles) agree well with the results reported by Bergenwall (filled triangles) [103]
and with the calculated KERMA from Watanabe (open stars) [58]. The calculations (filled
stars) [31] underpredict the measured proton KERMA coefficient by as much as 35

�
.

The agreement between the KERMA coefficient for� -particles from this work and
the calculated one from Watanabe�

� � � � � is remarkable. On the other hand, the calculations
from Chadwick �

� � � � � deviate from the data by predicting a KERMA coefficient for� -
particles which is about 8

�
smaller than the measured one.

Total KERMA coefficient for carbon target is obtained by summing up, besides the
partial KERMA coefficients for each charged particle reaction channel (see Table 3), the
contributions from elastic recoils, and from non-elastic recoils (isotopes with� � � ).
The contribution from elastic recoils, estimated to 0.134 fGy� m � , is obtained from calcu-
lations [31]. To be compared to a measured value [104] of 0.126

�
0.009.

The contributions from non-elastic recoils (isotopes with� � � ) calculated by Chad-
wick [31] at 90 and 100 MeV incident neutron energies are used to estimate, by means
of interpolation, the corresponding contribution at 96 MeV, to which an error of 10

�
has

been assigned.
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Table 2:Partial kerma coefficients for charged-particle production in� � C + n reactions at 96 MeV.
The errors given for the measured data from this work in the first row include statistical errors only.
The final kerma coefficients, obtained by adding the mean values (row four), obtained from the
extrapolations, to the experimental ones (row one) are given in the last row. The error attached to
the final partial kerma coefficients include systematic errors of 7� and 16� for the hydrogen and
helium isotopes, respectively. More details on other data shown in the table are provided within
the text.

Kerma Protons Deuterons Tritons � He-ions � -particles
(fGy � m� )

� � � �

� �
�

� �� �
meas. � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � �
� �

�
� � �

� � �� �
eval.

� �
� � � � � � � � � � � � � � � � � �

� � � � � � � � � �
� �

� � � � � � �� �
eval. � �

�
� � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � �
extrap.

� � � � � � � � � � � � � � � � � � � � �
� �

�
�

� � � �
� �

� �
meas. 4.29

�
0.29 1.79

�
0.13 0.39

�
0.03 � �

� �
4.55

�
0.32 1.71

�
0.12 0.50

�
0.04 0.22

�
0.04 1.56

� � � � �

The systematic errors are estimated to 7
�

for � , � and
�

and 16
�

for � He-ions and� -
particles. The final error assigned to the total KERMA value given in row eight, is obtained
by quadratically adding the errors of the experimental data (rows one to five) and the
evaluated contributions (rows six and seven). In this way a total KERMA coefficient,

� � �
	 � � � � � � � � fGy � m� , is obtained. Note that the difference between the total KERMA of this
work and the one calculated by Chadwick�

� � � � � [31],
� 
 � � � � � � � � � �

fGy � m� , originates
mainly from the disagreement in the proton KERMA, the KERMA for alpha particles
contribute too, but only slightly. Thanks to low experimental thresholds, in particular for

� , � and � -particles, the KERMA coefficients from this work account for more than 90
�

of the total KERMA coefficient.
Figure 21 shows the evolution of the total KERMA coefficients for carbon versus

incident neutron energy from the reaction threshold up to 96 MeV. Besides the point at
96 MeV, other results from microscopic cross sections from Romeroet al. [105], Slypen
et al. [96], Antolković �

� � � � � [106], as well as from integral measurements of Schrewe
et al., [107, 108, 109], De Luca�

� � � � � [110], Hartmann�
� � � � � [111] are shown. For

the integral measurements, extensive data have been reported, but here only data above
30 MeV have been included.

The GNASH calculations [37, 59]) are shown as filled and open stars, respectively.
Also a calculation from Dimbylow [112] is shown. The lower dashed line represents cal-
culations based on intranuclear cascade (INCA) model developed by Brenneret al., [100]
for low-mass nuclei and in which experimental data on nuclear structure information,
e.g., energy, spin, isospin and parity of nuclear levels, etc., are explicitly included. The
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Figure 20: Partial KERMA coefficients for production of protons, deuterons and tritons,� He-
ions and� -particles in carbon versus incident neutron energy. The filled circles are results from
the present work, the filed triangles are from Uppsala [52] the open circles are from Louvain-la-
Neuve [96] and the open squares from UC Davis [98] The solid curves and the stars represent the
GNASH calculations from Chadwick [31] and Watanabe [59], respectively

calculations extend 80 MeV only.
The experimental data are well described by the calculations for energies up to about

40 MeV, above which a deviation is observed, and gets more accentuated as the energy
increases, indicating the weaknesses of the model calculations and suggesting that more
efforts are required to resolve these discrepancies. The integral measurements agree well
with the evaluation, and are systematically lower than the microscopic ones in the energy
region 50� 70 MeV. In fact, the microscopic data can be well described by a straight line
between 40 and 100 MeV, as is indicated by the dotted line in the figure. The present
KERMA coefficient at 96 MeV is about 30% higher than the corresponding value of the
evaluation, which is in line with the conclusion reached by Bergenwall�

� � � �

� [103].
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Figure 21:Total KERMA coefficients for the� � C + n reaction versus incident neutron energy.
The various symbols are explained in the figure. The dotted line is an eye-guide to the microscopic
measurements in the region 40� 140 MeV.

6.3 Dose Calculations

In fast-neutron cancer therapy, as well as in all other therapy modalities, the absorbed
dose must be known with sufficient accuracy. So far neutron data in the relevant energy
regions and for the relevant nuclei have been lacking. This is, to a large extent, due
to the experimental and modelling difficulties encountered when dealing with neutrons.
Dosimetry and treatment techniques were, therefore, forced to rely on information gained
from integral dose measurements, theoretical models and experience.

In integral measurements, from which much of the dosimetry information is pro-
vided, the absorbed dose is measured by means of ionising low pressure proportional
counters (LPPC). In this method, the dose is measured in a cavity containing, e.g., a tissue
equivalent (TE) gas, and it can be transformed to absorbed dose in another surround-
ing medium by using the Bragg-Gray theory. To make this transformation, cross-section
data on neutron-induced charged-particle production are required. These cross sections,
are obtained from nuclear computations, which have been shown to be rather inaccurate
when compared to experimental data. In addition, integral measurements require charged
particle equilibrium (CPE); a condition which is not always entirely fulfilled, in particular
for neutron energies above 20 MeV [36]. Also several other assumptions and corrections
are made, introducing additional uncertainties. Moreover, integral measurements provide
only the ionisation density, and the contribution to the absorbed dose from the different
charged particles cannot be separated. A detailed review of the main steps used to obtain
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Table 3: Estimate of the total KERMA coefficient for� � C + n at 96 MeV. The star shown as a
superscript in 8.59� 0.46 is to show that the given value is a constructed one.

Energy transfer by
� �

(fGy � m� ) �
� �

(fGy � m� )

Protons (present work) �
� � � � � � � �

Deuterons (present work)
� � � � � � � � �

Tritons (present work)
� � � � � � � �

�

� He-ions (present work)
� � � � � � � �

�

� -particles (present work)
� � � � � � � � �

8.53
� � � � �

Elastic recoils (Ref. [104])
� � � � � � � � � � �

Elastic recoils (Ref. [37])
� � � �

�
� � � � � �

� � � recoils (Ref. [31])
� � � � � � � � � �

� � � �� (present work) 9.16
�

0.74
� � � �� (Ref. [37]) 6.81

�
0.68

� � � �� (Ref. [58]) 8.03
�

0.49

the absorbed doses integral measurements, is provided in Paper V.
An alternative way of determining the absorbed dose is to use measured data on

neutron-induced charged particle production for biological nuclei. These data are now
becoming available thanks to several efforts, that have been made recently.

Double differential cross section data contain information on the particle types pro-
duced, their energy and angular distribution. These rich details allow to compute detailed
and accurate information on the absorbed dose distribution within a given volume. This
kind of information is of course of primary importance for the understanding of fast-
neutron interactions with biological nuclei. In fact, if cross section data are available for
relevant nuclei and energies relevant for neutron therapy, the data can be used to accu-
rately determine the dose. This in combination with advances in dosimetry and treatment
techniques, can contribute to improve the accuracy of patient doses, and may also allow a
fair judgement of the potential of fast-neutron therapy.

In attempts to demonstrate how this can be achieved, measured double-differential
cross sections for 96 neutrons incident on� � C have been used to compute absorbed doses
deposited by neutron-produced protons and� -particles in a carbon graphite phantom with
a volume of 6x6x6 cm� . The computational method developed, takes the strong absorption
of the � -particles into account by a variable integration step, which is small closest to
the point of interest, a sphere of 1� m in diameter. The method takes into account the
attenuation of the neutron beam and makes use of inclusive measured production cross
sections for� , � ,

�
, � He-ions and� -particles.

The main goal of the computation is to provide a qualitative assessment of the lat-
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Figure 22:Dose distribution for protons along the neutron beam direction at depths of 1, 2, 3, 4,
5 and 6 cm shown in the panels (a), (b), (c), (d), (e) and (f), respectively.

Figure 23:Dose distribution for� -particles along the neutron beam direction at depths of 1, 2, 3,
4, and 5 cm shown in the panels (a), (b), (c), (d) and (e), respectively.
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Figure 24: Variation of the dose with phantom depth for protons and� -particles for a broad
neutron beam.

eral and longitidunal dose distributions for protons and� -particles which give the major
contributions to the absorbed dose. Although the study is limited here to these particles,
dose information for all charged particles, such as deuterons tritons� He-ions, � -particl
and heavier nuclei can easily be obtained.

The study is in particular important for knowing the doses induced by� -particles
which, as mentioned earlier, are considered to be high-LET particles and cause much
higher damages to tissue than lighter particles.

Figure 25:Dose distributions for� -particles transverse to the pencil beam at depths of 1, 3 and 5
cm shown in the panels (a), (b) and (c), respectively.
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The dose is determined inside a sphere with a diameter of 1� m, at various positions
in the phantom. Two cases are considered, a broad 96 MeV neutron beam and fluence
4.1� 10� neutrons� s

�

�
� cm

�

� , impinging on one side of the cube, and a pencil-like beam
within an area of 1� m� . Details of the computational method are provided in paper V.

Figure 26:Dose distributions for protons transverse to the pencil beam at depths of 1, 3, and 5
cm shown in the panels (a), (b) and (c), respectively.

For protons, it has been found that the dose increases in the build-up region and
reaches a maximum value at a phantom depth around 3 cm, which correspond to the
range of the most energetic protons. The lineal energy extends from about 1 keV/� m to
about 40 keV/� m, which is in agreement with integral measurements at lower energies.
For � -particles, the largest doses are deposited within 1 cm depth from the surface of
impact of the neutrons as a result of their short range. Both the proton and� -particle
doses decrease with depth because of the attenuation of the neutron beam. Fig. 24 shows
how the doses induced by the two particles vary with the phantom depth.

Figure 26 shows the distribution of the dose due to protons within a region around
a pencil beam defined inside a square of 1� m � . The dose is distributed mainly over a
region of

�
0.5 cm (FWHM) around the beam. For� -particles (Fig. 27) most of the

dose is deposited within a region of
�

75 � m (FWHM) around the beam. The radial
distribution of the dose induced by deuterons (and tritons) are expected to cover a narrower
region around the neutron beam than that for protons. For� He-ions, which have ranges
comparable to� -particles, the corresponding distributions will be similar to those of� -
particles, but with much smaller magnitude, as a result of their small inclusive production
cross sections.

The results show that unlike integral measurements, its is possible to quantify in detail
the range of the lineal energy for protons and� particles, and their contributions to the
dose. This is important in the estimation of the RBE values of these two particles. The
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Figure 27:Dose distributions for� -particles transverse to the pencil beam at depths of 1, 3, and
5 cm shown in the panels (a), (b) and (c), respectively.

results indicate that neutrons of 96 MeV give rise to particles with LET values ranging
from 2 keV/� m (for the most energetic protons) to about 300 keV/� m for the densely
ionising � -particles. This can be compared to proton therapy where the corresponding
LET values are in the range 1� 30 keV/� m.

6.4 Error estimates

When it is not in our power to determine what is true,
we ought to follow what is most probable.

–René Descartes

The double-differential cross sections (inclusive spectra) for protons, deuterons, tri-
tons, � He-ions and� -particles at selected angles in the laboratory system are presented as
open circles in Figs. 16 and 17, respectively. The errors assigned to the cross sections data
points shown in the figures, are mainly statistical and typically in the order of 8

�
for pro-

tons, 10
�

for deuterons and 15
�

for � -particles. For the other particles, i.e., deuterons,
tritons and� He-ions, the corresponding errors are 10

�
, 20

�
and 20

�
, respectively. In

addition to the statistical errors there are other systematic errors from the CsI(Tl) detector
intrinsic efficiency (1

�
), the computer dead time (less than 1

�
), the wrap-around effect

(4
�

), the solid angle (2� 3
�

), the absolute cross section normalisation (4.5
�

) and the
target corrections (5� 15

�
depending on the particle type). The errors due to the target

corrections are large at low energies where the energy and particle losses are greatest.
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The KERMA coefficients are obtained from energy-weighted double-differential
cross sections. Therefore, the effects of the various corrections applied to the data, will
depend on the energy of the particles. The largest corrections due to the target absorption
are fortunately at maximum in the low-energy region and decrease rapidly with increasing
energy. Hence, these corrections as well as others do not contribute much to the uncer-
tainties of the KERMA coefficients. With all the uncertainties taken into account, the
final uncertainties are estimated to 7

�
and 16

�
for the hydrogen and the helium isotopes,

respectively.
For the dose, in addition to the errors of thee cross sections, other errors due to the

approximations that have been made in the computational method come into play. These
errors are however smaller and can be neglected in this context. The errors in the dose have
therefore similar errors to the cross sections. It should be pointed out that the uncertainty
in the target correction is the dominant source contributing to systematic errors. But this
error can be reduced by using thin targets. However the use of thin targets necessitates
long data acquisition times, which ultimately renders the experiment expensive.
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7 Outline of the papers

P � � � � �

A facility for measurements of nuclear cross sections for fast neutron cancer therapy,
Nucl. Instr. Meth. A 452, 484 (2000).

This paper describes the MEDLEY facility developed for cross-section measurements of
relevance for radiation protection and fast neutron cancer therapy. The setup is made up of
eight telescopes mounted so as to cover scattering angles from 20� to 160� simultaneously.
Each telescope consists of two�

�
silicon detectors and one

�
CsI(Tl) detector. The

�
�

� �
�

�

�
techniques have been used to obtain good particle identification for� , � ,

�
, � He-ions and� -particles over an energy range from a few MeV up to 100 MeV. One

important feature of the setup is that it allows to obtain data with good energy and timing
resolution, and with a low energy threshold.

� � � � � � �

Cross Section Data and KERMA Coefficients at 95 MeV Neutrons for Medical
Applications,J. Nucl. Sci. Technol. 2, 1298 (2002)

In this paper the double-differential cross sections of inclusive light-ion production in-
duced by 95 MeV neutrons on carbon and oxygen, obtained using the MEDLEY setup
described in paper I have been used to obtain KERMA coefficients for� , � and

�
. The data

have been compared to model calculations and other measurements at lower energies. It
is found that the proton KERMA coefficient is substantially larger (by 35

�
) than that of

a recent evaluation, leading to a total KERMA coefficient, which is about 25
�

greater
than the evaluation. The obtained data supports a trend observed for similar data at lower
energies.

� � � � � � � �

Neutron-induced Light Charged Particle Production in Carbon at 96 MeV, accepted for
publication in � � � � � � � � � � 	

(Accepted for publication, September 2004)

In this paper charged particle production, i.e.,� , � ,
�
, � He-ions and� -particles, in 96 MeV

neutron-carbon interactions has been measured at laboratory angles in the range
� � � to

� � � � in steps of
� � � . All aspects of experimental techniques, acquisition, reduction and

corrections of the data are described in detail. The obtained results including double dif-
ferential, energy-differential, angle-differential and total particle production cross sections
are reported. The obtained data constitute the first data set with five ejectiles at such a high
neutron energy. Thanks to the low-energy thresholds, 50

�
of the total production of� -

particles, and 85
�

of the total production of protons and deuterons, could be measured.
For � -particles, which have not been measured previously, the measured fraction is much
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higher than what has been achieved earlier at lower energies. The results on the hydrogen
isotopes have been found to agree fairly well with a previous test measurement carried
out at 95 MeV and with recent GNASH calculations. For the helium isotopes, however,
there are important discrepancies in spectral shape and magnitude between the new re-
sults and the model calculations. Also an overview of the part of the calculation codes of
importance to this work is given.

� � � � � � �

Experimental KERMA coefficients for carbon deduced from microscopic cross sections
at 96 MeV incident neutron energy,

� � � � � � � � � � � �
�

�
49, 4523 (2004).

Double-differential cross sections for (� � � � ), (� � � � ), (� � �
� ), (� , � He� ) and (� ,� � ) reac-

tions in carbon measured at 96 MeV incident neutron energy as described in paper III,
have been used to obtain a complete set of KERMA coefficients. The deduced partial and
total KERMA coefficients were compared to previous experimental results (paper II) and
to theoretical calculations. The findings indicate that the deduced KERMA coefficients
for the hydrogen isotopes are in good agreement with those deduced from a previous mea-
surement, and that the KERMA coefficient values, in particular of the hydrogen isotopes,
are systematically higher than the values obtained from the model calculations. As a con-
sequence, the obtained total KERMA coefficient is about 30

�
higher than that predicted

by the calculations.

� � � � � �

Dose from integral and microscopic cross section measurements for 96 MeV� - � � C
interactions, Department of Radiation Sciences, Uppsala University, AIM/ISV Report
2004.

The findings from paper III and IV indicate that protons and� -particles make up the
major portion of the particle production and contribute by about 70

�
to the total KERMA

from all the five measured particles,� , � ,
�
, � He-ions and� -particles. Of importance for

these particles is the way they deposit their energy and hence contribute to the dose in a
given sample, e.g., human tissue. Usually, the absorbed dose in tissue may be estimated
either from integral measurements based on ionisation induced in a dosimeter or from
microscopic measurements of the differential cross sections. The technique employed in
integral measurements is reviewed and obtained results are commented.

As an alternative way to determine the dose, a new approach, in which a carbon
phantom, 6x6x6 cm� , is used for the computation of the absorbed doses deposited by these
two particles in spheres of 1� m in diameter. The dose at various phantom depths along the
beam direction have been computed. Also deposited lateral doses have been obtained for
a pencil-like beam. The findings of this study, indicate that the dose is limited to regions
of about 1.5 and 300� m transverse to the beam for protons and� -particles, respectively.
Moreover, the results have been compared qualitatively to integral measurements, a review
of which is provided for completeness.
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8 Summary and conclusions

There is something fascinating about science.
One gets such wholesale returns of conjecture out of

such trifling investment of facts.
” –Mark Twain

New results have been obtained on the production of light charged particles, i.e.,
� , � ,

�
, � He-ions and� -particles, induced by fast neutrons of 96 MeV on� � C. Double

differential, �
�

�

�
�

�
�

�
, energy-differential,� �

�
�

�
, angle-differential,� �

�
�

�
, as well

as total production cross sections,� , have been presented. The results for the helium
isotopes are unique since no other earlier results have been reported at this high energy,
i.e., around 100 MeV. In the case of� He-ions and� -particles, the only measurement that
exists dates from 1953.

Due to the remarkably low energy threshold for� -particles, 5 MeV, the measured
cross section fraction accounts for as much as 50

�
of the total � -particle production.

This is much higher than what has been achieved earlier by, e.g., the Louvain-la-Neuve
group (17

�
) at 72.8 MeV, and hence the estimates of the measured fractions of the cross

sections are more reliable. The strength of the low-energy� -particle peak suggests that
� -particle production proceeds, as at lower neutron energies, through a 3� -decay of the
excited nuclear system and mainly via a sequential decay. This conclusion is supported by
the results of the GNASH calculations where a sequential 3� -decay of� � C is used for the
evaporation region. Contributions from direct simultaneous 3� -decay of� � C are presum-
ably small. For the hydrogen isotopes, with the exception of tritons, the measured data
account for about 85

�
of the corresponding total production. The low-energy thresholds

used for acquisition of the present data enable a test of the performance of the theoretic
calculations.

Recent calculations from theoretical models based on GNASH, including direct, pree-
quilibrium and compound processes, have been compared to the new results. For nu-
cleon emission (protons in the present case), the shapes of the double-differential, energy-
integrated as well as the angle-integrated cross sections spectra are, with some excep-
tions, reasonably well described by the model calculations in the medium- and high en-
ergy regions. For composite ejectiles (deuterons, tritons,� He-ions and� -particles) there
are important discrepancies between the model calculations and the experimental data in
what concerns both the shape and the magnitude of the spectra, in particular for the he-
lium isotopes. The cross section production of the hydrogen-isotopes from the present
work confirm the trend indicated by previous measurements at lower energies, where the
measured data are systematically higher than the GNASH calculations. Based on these
comparisons, it is concluded that a refinement of the nuclear-reaction models, in particular
the preequilibrium emission portion, is required.

The difficulties in describing the experimental spectra with the theoretical code
GNASH, illustrate the importance of new experimental data for neutron applications, and
indicate that further efforts regarding the theory are needed in order to understand the
reactions mechanisms involved in neutron-induced reactions in light nuclei.

The present thesis reports new results on partial and total KERMA coefficients for
carbon at 96 MeV incident neutron energy. The experimental values are based on micro-
scopic cross section measurements. The fraction of the total KERMA coefficient deduced
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from this measurement accounts for as much as 90
�

of the total KERMA coefficient.
This is the result of the low experimental energy thresholds of protons, deuterons and� -
particles, which give the main contribution to the total KERMA. The deduced KERMA
values for the hydrogen isotopes are in good agreement with previous results obtained
at 95 MeV. The KERMA coefficient for� -partciles agrees fairly well with the KERMA
values calculated by GNASH.

However, the results for the hydrogen isotopes are, as remarked earlier [103], system-
atically higher than the results from the GNASH calculations. This discrepancy is due to
the fact that cross-section spectra for the hydrogen isotopes exhibit a stronger component
of direct and preequilibrium reaction mechanisms than the calculations, which, because of
the energy weighting, leads to proton and deuteron KERMA coefficients which are higher
than the calculations. Since protons and deuterons (along with� -particles) contribute sub-
stantially to the total KERMA, the deduced total KERMA coefficient,

� � � � � � � � � � � �

fGy � m� , is consequently about 10� 30
�

higher than the calculated ones. The obtained
KERMA coefficients support a trend observed by the Louvain-la-Neuve group for similar
data below 72.8 MeV [96].

Longitidunal and lateral doses for protons and� -particles have been estimated for
96 MeV � �

� � C interactions. For protons, the longitidunal doses, e.g., doses along the
neutron beam direction, show a rapidly increasing behaviour with depth until a maximum
is reached at a depth of about 3 cm, after which the doses decrease with depth, but only
moderately, as a result of the attenuation of the neutron beam. For� -particles, the dose
reaches its maximum within a region of� 1.0 cm, after which it decreases.

The lateral dose distributions due to protons and� -particles are found to be confined
to regions of about 1.5 cm (

�
0.5 cm (FWHM)) and about 300� m (

�
75 � m (FWHM)),

respectively. At depths less than 1 cm (build-up region), low-energy protons,� -particle
(and � He-ions) and heavier recoil fragments make-up the largest contributions to the dose,
whereas high-energy protons deposit only small fractions of their energy in that region.
At larger depths, however, the dose is deposited by high energy protons (and deuterons),
and also by� -particles and heavy recoils induced by neutrons at these depths. Here, only
protons and� -particles are treated in order to illustrate the method. It can be applied
to other charged particles as well provided that cross sections are available. The dose
dependence on lineal energy is of particular interest for dosimetry, since the lineal energy
is one of the most important parameters in the assessment of dose and damage in tissues.

The computational method described in this thesis demonstrates a simple way to
determine individual contributions from virtually all neutron-induced charged particles
to the absorbed dose. Such detailed information is not accessible from, e.g., integral
measurements. Moreover, the method depends only on the energy-loss codes which are
known to be reliable, and can be improved so as to minimise computational uncertainties
due the various approximations that have been made in the computation. In any case, the
uncertainties of the computed doses will depend only on the uncertainties of the cross
sections data used.
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9 Prospects of the future

” The future, according to some scientists, will be exactly like the past,
only far more expensive ” –John Sladek

I started my PhD with two things in mind. To be able to work in the amazing and
fascinating world of physics, and be able to make a contribution in a field of importance
to human beings, no matter how ”infinitesimal” that contribution may be. Thanks to the
AIM school and people who come up with the idea of starting the school in the first place,
many opportunities were made available to me and to many other young men and women,
to select a field of their choice, in which they want to work. Cancer research was one of
them. It could not be any better. What opportunity, to be able to work in a such puzzling
and challenging field.

Now several years later, I hope I have achieved that goal. My contribution is indeed,
as I thought infinitesimal and there are still many issues to be investigated as far as fast-
neutrons are concerned. These issues can be subdivided in two subgroups; those related to
applications of fast-neutron therapy and those related to fundamental physics of neutron
reactions with nuclei.

One of the issues of interest from the application viewpoint is the LET of the neutron
induced charged particles. One result of this thesis is that the comparatively, high-LET
doses, produced by neutrons-carbon interactions around 100 MeV, are specially quite con-
fined provided a narrow neutron beam can be built. It would therefore be interesting to
study further if neutron therapy could be an economically better alternative to ion therapy
for treatment using high-LET radiation. Another issue is to investigate neutron interac-
tions with other biological nuclei, e.g., oxygen, nitrogen and calcium, in the energy range
where the calculations appear to disagree with the data. This will enable to obtain com-
prehensive information on the distribution of the neutron induced doses in tissues, and
allow better improvement of the theory. This brings me to the next subgroup.

Although my work focuses on applications of fast-neutrons and demands certain basic
knowledge in fields, such as biology and dosimetry, it is in fact considered to be dominated
by basic nuclear physics research. The applications discussed above require, as can be
understood from the thesis, a great deal of knowledge in the field of nuclear physics. What
is important to keep in mind is that, basic research has not been initiated with applications
in mind, but rather to satisfy our curiosity and desire to explore nature and its mysterious
ways.

In fact, today, many to our society indispensible applications, such as power produc-
tion, radiation therapy and diagnostic techniques etc., have emerged much thanks to basic
scientific activities and research. Basic research is just as important as applications. I find
what Marie Curie said in one of her lectures worth quoting:
’’ We must not forget that when radium was discovered no one knew that it would prove
useful in hospitals. The work was one of pure science. And this is a proof that scientific
work must not be considered from the point of view of the direct usefulness of it. It must
be done for itself, for the beauty of science, and then there is always the chance that a
scientific discovery may become like the radium a benefit for humanity.”

In this spirit, it would be interesting to make an experiment where the importance of
the processes involved in the 3� -decay of� � C can be investigated. of importance is also

�
� O, which is expected to have a similar behaviour involving the decay of 4� -particles.
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10 Sammanfattning på svenska,
summary in Swedish

” ... det är vägen som är mödan värd ”
–Karin Boye

Från partikelproduktionstvårsnitt till KERMA och absorberad dose för fallet � �

� � C
växelverkningar

Neutronen som uppt¨acktesår 1932 bygger upp h¨alften av all massa ˚atminstone h¨ar
på jorden. Den ¨ar i motsats till protonen elektriskt neutral vilket gjort att den ¨ar speciellt
intressant f¨or kärnfysikaliska studier och f¨or ett flertal olika tillämpningar. Den repelleras
inte av positivt laddade atomk¨arnor och kan d¨arför växelverka direkt med dem. Den mest
kända tillämpningen ¨ar kärnfissionen, den process i vilken neutronen genom att f˚angas
in i en tung atomk¨arna, vanligtsvis uran, f˚ar denna att klyvas. D¨arigenom frigörs stora
mängder energi. Neutroner anv¨ands ocks˚a för radiografi av relativt tjocka f¨oremål till
exempel bilmotorer, f¨or isotopproduktion och f¨or elementanalys. Inom s˚aväl kemin som
biologin är neutronspridning ett viktigt verktyg f¨or bestämning av molekylstrukturer och
ett viktigt komplement till röntgendiffraktion.

I denna avhandling studeras partikelproduktion vid h¨ogenergineutroners (96 MeV)
växelverkningar med kol. Syftet ¨ar att få tillf örlitligare kärndata f¨or tester av existerande
teorier och för användning framf¨or allt inom strålskydd och inom medicinsk cancerbe-
handling. Kol har valts som prototypk¨arna, eftersom den ¨ar viktig ur flera synpunkter.
I f örsta hand ¨ar den en referensk¨arna, som utnyttjas b˚ade när det gäller grundläggande
studier och tillämpningar. En kolk¨arna med 6 protoner och 6 neutroner kan betraktas
som ett kluster av 3 alfapartiklar. N¨ar kolkärnor träffas av snabba neutroner med energier
på cirka 100 MeV, produceras fr¨amst protoner men ocks˚a förhållandevis m˚anga alfapartik-
lar. Då en alfapartikel skickas ut bildas en restk¨arna, vanligen� Be, som s¨oderfaller mycket
snabbt till två alfapartiklar. Den frekventa produktionen av tre alfapartiklar ger ett starkt
stöd för alfa-kluster-modellen. Resultaten bidrar till att belysa de mekanismer som tros
ligga bakom denna typ av reaktion, mekanismer som f¨or närvarande inte ¨ar fullt klarlagda.

Inom strålskyddetär neutroner viktiga eftersom relativt tjocka v¨aggar beh¨ovs för
att stoppa dem. H¨ogenergineutroner f¨orekommer förutom i forskningslaboratorier
också naturligt på hög höjd. Jorden uts¨atts nämligen ständigt för kosmisk str˚alning från
solen och yttre rymden. Str˚alningen best˚ar främst av protoner och alfapartiklar men
också av tyngre atomk¨arnor. Dessa partiklar orsakar k¨arnreaktioner i atmosf¨aren och ger
upphov till kaskader av sekund¨ara partiklar d¨aribland neutroner. Vid h¨ojder kring 10 km,
där flygtrafik opererar, ¨ar koncentrationen av neutroner h¨og, vilket resulterar i betydande
stråldoser framf¨or allt för flygpersonal men ocks˚a för vanliga resen¨arer.

Högenergineutroner kan relativt enkelt penetrera flygplansv¨aggarna och st˚ar för den
största delen av str˚aldosen. De doser som m¨anniskor uts¨atts för är upp till 30 gånger h¨ogre
än vid jordytan. Detta beror p˚a att nedre delen av atmosf¨aren i hög grad har absorberat
neutronerna innan de n˚ar jordytan. Tillförlitligare neutron-k¨arn-data beh¨ovs för att bättre
kunna bed¨oma dosbelastningen.
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När det gäller cancerbehandling ¨ar strålbehandling en vanlig terapiform som anv¨ands
i hälften av alla behandlingar antingen ensamt eller i kombination med andra behandlings-
former som till exempel kirurgi. Inom modern str˚alterapi anses fotonterapi, ocks˚a kallad
konventionell terapi, vara en arbetsh¨ast som sedan l¨ange anv¨ants framg˚angsrikt för behan-
dling av en rad olika cancertum¨orer. Det finns dock vissa cancertum¨orer, s.k. resistenta
tumörer som, av olika sk¨al, inte reagerar p˚a fotonterapi. F¨or några av dessa tum¨orer kan
bättre resultat ˚astadkommas med hj¨alp av neutronterapi.

Anledningenär att neutroner, till skillnad mot fotoner, ger upphov till tunga laddade
partiklar, som tack vare sin t¨ata joniseringsf¨ormågaär effektiva i attåstadkomma celld¨od.
När det gäller fotonterapi kan dosen med relativt god exakthet ber¨aknas från en etablerad
teori vilket är en anledning till fotonterapins framg˚ang. För neutroner, d¨aremot,är under-
liggande fysikaliska k¨arnprocesser, som dominerar n¨ar neutroner v¨axelverkar med olika
atomkärnor, mycket komplicerade och l˚ater sig inte uttryckas i en enkel formel. I st¨allet
beskrivs processerna med hj¨alp av kärnmodeller. Det har dock visat sig att os¨akerheten
i dessa modeller i vissa fall ¨ar stor jämfört med experimentella data. P˚apekas b¨or att ur
biologisk synpunkt, ¨ar kunskapen om alfapartiklars produktion mycket viktig, eftersom
det är just de som, tillsammans med andra tyngre partiklar, ˚astadkommer mest skada i
vävnader. J¨amfört med elektroner, kan t.ex. en alfapartikel med l˚ag energi ge upphov till
tusentals fler jonisationer i ett litet omr˚ade exempelvis DNA-cellens omgivning.

MEDLEY är en utrustning som har byggts och installerats vid The Svedber-
glaboratoriet f¨or användning vid tvärsnittsmätningar som ¨ar relevanta f¨or ovannämnda
till ämpningar. De centrala delarna av MEDLEY ¨ar åtta teleskop, vardera best˚aende av
två halvledardetektorer av kisel och en cesiumjodid-scintillator. Med dessa teleskop kan
de olika producerade partiklarna identifieras inom ett energiomr˚ade från några MeV upp
till den maximala energin n¨ara 100 MeV. Med neutronstr˚alen vid The Svedberglabora-
toriet och MEDLEY har dubbel-differentiella tv¨arsnitt för inklusiv partikelproduktion i
växelverkningar mellan 96 MeV neutroner och kol uppm¨atts.

Aktuella modellber¨akningar utg˚aende från GNASH-koden, som bygger p˚a både di-
rekta reaktioner och kompoundv¨axelverkan, kan j¨amföras med de nya resultaten. De m¨atta
tvärsnittenär betydligt högreän de teoretiska f¨orutsägelserna. F¨or protoner beskrivs dock
spektras form relativt v¨al av beräkningarna. F¨or de andra partiklarna,� ,

�
, � He-joner

och � -partiklar, föreligger betydande skillnader b˚ade vad betr¨affar form och magnitud av
spektra, speciellt f¨or heliumisotoperna. De m¨atta partikelproduktionstv¨arsnitten har bear-
betats ytterligare f¨or att erhålla information om KERMA-koefficienter; en f¨orkortning av
Kinetic Energy Released in Matter som m¨ats i joule/kg. F¨or varje uppm¨att laddad partikel
kan en KERMA-koefficient best¨ammas. Denna koefficient ¨ar då ett mått på den energi
somöverförs till en laddad partikel av en neutron.

Under vissa f¨orhållanden kan det totala KERMA, d.v.s. summan av alla KERMA-
koefficienter, anv¨andas för att uppskatta absorberad dos vid neutronbestr˚alning. KERMA-
värdenär också viktiga inom dosimetri, d¨ar de anv¨ands för att omvandla uppm¨att dos i ett
visst material till uppskattad dos i ett annat material, till exempel v¨avnad.

Protoner och alfapartiklar bidrar tillsammans med ¨over 70
�

till det totala KERMA-
värdet. En ny ber¨akningsmetod har utvecklats f¨or att närmare studera den dosf¨ordelning
som dessa tv˚a partiklar ger upphov till. Studien har till syfte att f˚a detaljerad kunskap
om hur dosen f¨ordelas i olika delar av ett kolprov, fantom, p˚a 6x6x6 cm� när denna ex-
poneras dels f¨or en bred neutronstr˚ale, dels för en smal neutronstr˚ale med ett tv¨arsnitt
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på 1 � m� . Resultaten visar att de producerade alfapartiklarna deponerar sin maximala dos
strax efter neutronernas intr¨ade i fantomen, medan den maximala protondosen deponeras
det mesta av dosen vid cirka 3 cm djup. F¨or den smala str˚alen deponeras alfadosen inom
ett 300 mm brett omr˚ade kring neutronstr˚alen, medan protondosen finns inom 1.5 cm.
Den använda metoden ¨ar ett viktigt komplement till s˚a kallade integralm¨atningar i vilka
en direktmätning av jonisationen g¨ors. Integralm¨atningarär emellertid inte v¨al lämpade
för högenergineutroner och ger bristf¨allig information om det partikelslag som givit up-
phov till joniseringen. Den h¨ar använda metoden, som exemplifierats med protoner och
alfapartiklar, kan givetvis anv¨andas för att få fram partiella doser fr˚an alla förekommande
laddade partiklar som produceras vid neutronernas v¨axelverkningar.
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dévore ton rêve” Et surtout, jamais oublierais-je nos ”fous” rires. Vous vous rappellez le
jour ou nous nous sommes mis ´a rire - je ne me rappelle pas exactement de quoi - sans
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Education’s purpose is to replace an empty mind with an open one
–Malcom S. Forbes
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... ad extremum

Oräknad värld

Alltet räknar sig inte.
Faller som löv och snö,
Virvlar som knottmoln

irrar som myrhärar kring.
Gräsens oräknade mängder

reser sig, hälsar förtorkat
regnet oräknade mängd.

Och världsalltets solar
- tänka bara detta -

flera än skogens myror och löv.
Ett vet vi:

alltet räknar sig inte.
Genom atomernas skaror

världsalltets gnistfria Änglar i kör
andas i det evigas Gud,

oränat evig,
gåta och mängd.

Ändå vet vi ur detta
inget om ordnandets Gud.
Häpnar bara, förskräckes.

Börjar att ordna och räkna.

–Harry Martinson
Nobelpris i litteratur 1974.
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