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Abstract 

The dosimetric properties of fast-neutron beams with energies ≤80 MeV were explored 
using Monte Carlo techniques. Taking into account transport of all relevant types of 

released charged particles (electrons, protons, deuterons, tritons, 3He and α particles) 
pencil-beam dose distributions were derived and used to calculate absorbed dose 
distributions. Broad-beam depth doses in phantoms of different materials were 
calculated and compared and the scaling factors required for converting absorbed dose 
in one material to absorbed dose in another derived. The scaling factors were in good 
agreement with available published data and show that water is a good substitute for 
soft tissue even at neutron energies as high as 80 MeV. The inherent penumbra and the 
fraction of absorbed dose due to photon interactions were also studied, and found to 
be consistent with measured values reported in the literature. 

Treatment planning in fast-neutron therapy is commonly performed using dose 
calculation algorithms designed for photon beam therapy. When applied to neutron 
beams, these algorithms have limitations arising from the physical models used. Monte 
Carlo derived neutron pencil-beam kernels were parameterized and implemented in the 
photon dose calculation algorithms of the TMS (MDS Nordion) treatment planning 
system. It was shown that these algorithms yield good results in homogeneous water 
media. However, the method used to calculate heterogeneity corrections in the photon 
dose calculation algorithm did not yield correct results for neutron beams in 
heterogeneous media.  
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To achieve results with adequate accuracy using Monte Carlo simulations, 
fundamental cross-section data are needed. Neutron cross-sections are still not 
sufficiently well known. At the The Svedberg Laboratory in Uppsala, Sweden, an 
experimental facility has been designed to measure neutron-induced charged-particle 

production cross-sections for (n,xp), (n,xd), (n,xt), (n,x3He) and (n,xα) reactions at 
neutron energies up to 100 MeV. Depending on neutron energy, these generated 
particles account for up to 90% of the absorbed dose. In experimental determination 
of the cross-sections, measured data have to be corrected for the energies lost by the 
charged particles before leaving the target in which they were generated. To correct for 
the energy-losses, a computational code (CRAWL) was developed. It uses a stripping 
method. With the limitation of reduced energy resolution, spectra derived using 
CRAWL compares well with those derived using other methods.  

In fast-neutron therapy, the relative biological effectiveness (RBE) varies from 1.5 
to 5, depending on neutron energy, dose level and biological end-point. LET and other 
physical quantities, developed within the field of microdosimetry over the past couple 
of decades, have been used to describe RBE variations between different fast-neutron 
beams as well as within a neutron irradiated body. In this work, a Monte Carlo code 
(SHIELD-HIT) capable of transporting all charged particles contributing to absorbed 
dose, was used to calculate energy-differential charged particle spectra. Using these 

spectra, values of the RBE related quantities DL , Dy , *y  and R were derived and 

studied as function of neutron energy, phantom material and position in a phantom. 
Reasonable agreement with measured data in the literature was found and indicates 
that the quantities may be used to predict RBE variations in an arbitrary fast-neutron 
beam. 
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R  A semi-empirically derived RBE value 
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Fy  frequency averaged lineal energy 
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t triton (3H nucleus) 
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1 Introduction 
The idea of using neutrons for radiation therapy was suggested shortly after their 
discovery by Sir James Chadwick in 1932. The first attempt to treat cancers with 
accelerator-produced beams of fast-neutrons was initiated by Dr. Robert Stone in 
1938, only six years later. During the period 1938 to 1942 about 250 patients were 
treated. But when the Manhattan Project to produce an atomic weapon was launched 
by President Roosevelt in 1942, Stone and his colleagues stopped the clinical trial of 
neutron therapy because the cyclotron was needed for the war effort. At that time 
(Wambersie et al 1994), there was no scientific rationale for their use other than the 
hope that, relative to their cell killing effects on normal tissues, neutrons would be 
more effective than photons in controlling malignant tumour growth. Returning to 
clinical work after the war, although a few of the patients then treated were still alive 30 
years later, Dr. Stone found that a great deal of harm was done because of excessive 
damage, especially to late responding normal tissues and concluded that since the 
severity of the sequel outweighed the few good results and stated that there was no 
justification for the continued use of neutron therapy. It was not until 1966 that the 
next attempt to use neutrons for external beam therapy was initiated. A group at 
Hammersmith Hospital reconsidered the problem and developed a rationale for using 
fast-neutrons based on radiobiological arguments (see Section 3). This was mainly 
inspired/based upon studies of oxygenation effects and relative biological effectiveness 
(RBE) (Thomlinson and Gray 1955). While local control may be more efficiently 
achieved, late complications following neutron therapy seem to be more severe than 
with photons (Wambersie et al 1994). Clinical trials comparing treatments with neutron 
and photon beams failed to show clear indications of the suggested advantages (Acta 
Oncologica 1994). However, some types of tumour that may benefit from treatment 
by radiotherapy using a high linear energy transfer (high-LET) radiations were 
identified. One reason for the inconclusive findings hitherto reported may be inferior 
physical selectivity in dose delivery. That the physical selectivity in the absorbed dose 
delivered to the patient of a neutron beam needs to be at least as good as those of 
corresponding photon beams has led to the recent development of clinical-based 
accelerators which permit gantry movements and the use of multi-leaf collimators. 
Interest has also been focused on the use of higher energy neutrons to reduce beam 
penumbra. Another issue is that of patient selection, which should possibly be based 
on individual criteria rather than diagnostic categories (Richard and Wambersie 1994). 
Improved dosimetric data are also needed, in particular, better knowledge of the basic 
neutron interaction cross-sections required to allow determination of the contributions 
to absorbed dose from different types of charged particles (Bielajew and Chadwick 
1998). 
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2 Objectives of  this thesis 
In radiation therapy, absorbed dose including effects of RBE should be determined 
with an accuracy of 3.5-5%. To achieve this in a beam where high LET particles are 
released in the tissues, the energy-differential fluences of all the types of charged 
particles contributing to absorbed dose need to be known. Such knowledge cannot be 
achieved experimentally. Monte Carlo simulations offer a versatile tool to calculate 
these fluences. However, the accuracy of the results of the simulations depends on the 
accuracy of the cross-section data used in the simulations. Except for hydrogen, 
improved cross-section data, in particular for C, N, O and Ca, for neutron energies 
from 30 to 100 MeV are needed.  

The overall aim of this thesis is to increase the accuracy in dosimetry attainable in 
irradiations with fast-neutrons and to improve our ability to describe the radiation 
quality of the beam at different positions in the irradiated body using Monte Carlo 
techniques. The work focuses on the problems arising in determining absorbed dose 
distributions and radiation quality in fast-neutron beams for external beam 
radiotherapy, including work on determining improved cross-section data in order to 
reduce the overall uncertainty in the absorbed dose calculations. The thesis is based on 
four papers, referred to in the following by the Roman numbers assigned earlier. 
 
The specific aims were to: 

� simulate the experimental set-up used in measurements of neutron induced 
charged particle production cross-sections and to correct measured energy 
distributions for particle and energy losses in the production target (Paper I). 

� derive pencil-beam dose distributions using a Monte Carlo code not constrained 
by the kerma approximation, i.e., transporting all relevant types of charged 
particles and to use these to explore basic dosimetric properties of fast-neutron 
beams for radiotherapy (Paper II). 

� implement a neutron pencil-beam kernel in a treatment planning system 
developed for photon beams and evaluate the performance of photon dose 
calculation algorithms when applied to neutron beams (Paper III). 

� derive relative biological effect (RBE) related microdosimetric quantities using 
Monte Carlo calculated charged particle spectra and use this information to 
describe the changes in RBE in water and A-150 phantoms as a function of 
neutron energy (spectra) and position in the phantoms (Paper IV). 

 
A brief description of the methodologies used to achieve the objectives is given below.  

Paper I is part of a measurement project commended at an experimental facility 
(MEDLEY) built at The Svedberg Laboratory in Uppsala. The MEDLEY set-up has 
been constructed to measure neutron-induced charged-particle production cross-

sections for (n,xp), (n,xd), (n,xt), (n,x3He) and (n,xα) reactions for neutrons of energies 
up to 100 MeV. To support determination of energy spectra of released charged 
particles in the production target, a Monte Carlo code (CONNECT) to simulate the 
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MEDLEY set-up was developed. Utilizing a stripping technique a code (CRAWL) to 
correct measured charged particle energy spectra for particle and energy losses in the 
production target was developed. 

In Paper II, the Monte Carlo code FLUKA (Aarnio et al 1986; 1987 and Ferrari et al 
1992) was used to derive pencil-beam dose distributions for neutrons with energies 

0.5-80 MeV taking into account transport of protons, deuterons, tritons, 3He and α 
particles. Using the principle of reciprocity, broad-beam depth doses were derived and 
the problem of selecting an appropriate (reference) phantom material for clinical dose 
measurements addressed. To this end, scaling factors were defined and used to 
compare depth dose distributions in phantoms of different materials. Lateral dose 
distributions were derived to allow calculation of the inherent penumbra caused by the 
transport of secondary particles. Finally, the fraction of the absorbed dose due to 
photons was determined. 

Due to lack of information about the basic dosimetric properties of fast-neutrons 
no dedicated treatment planning systems for neutrons exist. As a substitute, because of 
the similarities between neutron-proton and photon-electron cascades, photon beam 
dose calculation algorithms in modern treatment planning systems are frequently used 
for neutron beam dose calculations. In Paper III, the TMS (MDS Nordion) photon 
pencil-beam dose parameterization algorithm was applied to the neutron pencil-beam 
dose distributions calculated in Paper II and implemented into the treatment planning 
system. Absorbed dose distributions in homogeneous and heterogeneous media were 
calculated and compared to direct Monte Carlo simulations. 

In Paper IV, the Monte Carlo codes MCNPX and SHIELD-HIT were used to 
derive the energy differential fluences of neutrons, photons, electrons, protons, 

deuterons, tritons, 3He, α-particles as well as heavier fragments and atomic recoils up 
to 16O in homogeneous water and A-150 phantoms. This was done for several 
different neutron energy spectra. The energy differential fluences of the released 

charged particles were used to calculate L- and y -spectra and values of DL , Dy , *y  

and R derived. The Dy -values were also determined by weighting a polynomial-fit to 

measured values of Dy  for mono-energetic neutrons (found in the literature) with 

calculated neutron spectra.  
The following text in the thesis is organized as follows: Section 3 describes the 

rationale for using fast-neutrons in external radiation therapy. In section 4 some 
technical and physical aspects of the three modalities used for treating cancer (252Cf-
brachytherapy, BNCT and external fast-neutron therapy) are discussed briefly. Section 
5 contains reflections upon the concepts used in radiation physics in general and in 
neutron therapy specifically. In section 6 some fundamental characteristics of neutron 
interactions are given and measurements of fast-neutron cross-section data related to 
this work discussed (Paper I). Section 7 discusses the use of Monte Carlo methods, 
both in general and in relation to this thesis. Section 8 deals with neutron dosimetry 
and discusses fundamental dosimetric and radiation quality related quantities as well as 
results and experiences obtained during this work (Paper II-IV). Section 9 summarizes 
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the most important results of this work and finally section 10 suggests prospects for 
future work in fast-neutron radiation physics. This is followed by the Papers I –IV.
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3 Rationale for using neutrons in radiotherapy 
Interest in neutron therapy is based on the fact that some tumours in spite of advanced 
fractionation strategies do not respond well to conventional photon (or electron) 
treatment. The biological reasons for this resistance are not well known but 
radiobiological observations indicate that they are not resistant to other types of 
radiation which release charged particles with higher LET (linear energy transfer) than 
the electrons released by photons. Fast-neutrons liberate charged particles of high LET 

(≥10 keV/µm) whereas photons liberate electrons of low LET (≤10 keV/µm). 
Compared to low LET radiations, the main radiobiological effects of high LET 
radiations are i) the oxygen effect is less dominant ii) the repair of sub-lethal damage is 
small and cell kill more effective per unit of absorbed dose and iii) the variation in cell 
response with the phase of the mitotic cell cycle is small. Any advantages of neutrons 
compared to photons due to these properties can, however, only be achieved if the 
biological effectiveness (RBE) relative to low LET radiation increases more for 
tumours than for healthy tissues.  

Many large tumours have central cores, which lack oxygen because the proliferating 
tumour cells have reduced the blood supply. Since, for low LET radiation, the indirect 
action dominates, i.e. “DNA breakage” via free radicals, the amount of oxygen 
available has been shown to affect the radio-sensitivity. A possible mechanism is: 

•→•+ 22 RORO , where R is a radical. A reaction of this type could lead to damage-

fixation and occurs in competition with chemical repair of any such damage. The 
oxygen effect is further discussed in section 8.2.2.  

By inference, sub-effective or sub-lethal damage is produced at low absorbed doses 
that contribute to lethality only if subsequent absorbed doses are administrated. Hence, 
the dose-rate effect demonstrated for low-LET radiation depends on the ability to 
repair sub-lethal damage. For high-LET radiation, the complete absence of sub-lethal 
damage has been demonstrated (ICRU 1983). However, this might not be entirely true. 
As discussed by Hawkins (1998) the number of double strand breaks (DSB) does not 
increase with increasing LET. While RBE increases with LET, this suggests that the 
ability to repair DSB decreases with increasing LET (for a further discussion see paper 
IV and section 8.2.2). 

Other tumours are slow-growing, their cells spending relatively short times in the 
dividing phase of the cell cycle in which they are most sensitive to radiation. Such 
tumours are resistant to conventional photon radiation but are far less resistant to 
neutron radiation, which has therefore, in principle, a better chance of effecting cure. 
Examples of tumours effectively treated by neutrons include salivary gland tumours, 
prostate cancer and certain tumours of other soft tissues. Understanding of the 
benefits of neutron treatment has increased over the years but the need for further 
research is clear (Wambersie et al 1994). Three areas can be distinguished: 

1) Patient selection: Radiobiological evidence shows that approximately 10-15% of 
all patients treated with ionizing radiation should benefit from the use of 
neutrons rather than more conventional treatments. In order to show this 
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clinically, means of identifying the patients in each tumour category must be 
determined. Without this possibility, the positive effect of neutron treatment in 
randomized trials could easily be overshadowed by the fact that for most 
patients neutron treatment causes more severe side-effects than photon 
treatment (Bewley 1989). For some time now, methods to select the patients not 
likely to respond to photon treatment has been under development (Wambersie 
et al 1994). These patients should be selected for neutron treatment. 

2) RBE: In most clinical studies, higher percentages of late complications have 
been found for patients treated with neutrons. These could be the result of 
inadequate dose distributions but could also depend on the fact that RBE for 
late complications has been underestimated resulting in overdosage. The 
strategy of evaluating different treatments today is to compare the degree of 
tumour control achieved with equal injury to critical normal tissues. The 
treatment giving the best tumour control without severe side effects should be 
selected. 

3) Fundamental dosimetry: In order to be able to compare treatment results for 
neutrons and photons, the absorbed doses for both modalities must be known 

with the same accuracy. However, for the high-energy neutrons (≥40 MeV) 
which are needed to give dose distributions similar to those for photons (≈6 
MV beams), the available cross-section data currently used to derive dosimetric 
information from Monte Carlo simulations are insufficient. Moreover, the 
radiation field within the patient is complex. The LET interval of the charged 
particles released in neutron interactions spans four decades (Kota and 
Maughan 1996, ICRU 1989). This makes measurements difficult, since the 
responses (the signal per unit absorbed dose in the detector) of most radiation 
detectors are markedly LET dependent in such broad intervals. 

3.1 Clinical results  

From radiobiological considerations, it should be preferable to treat slowly growing 
and/or hypoxic tumours with neutrons rather than conventional therapies. So far the 
most successful results have been obtained for salivary gland tumours. Combined 
neutron-photon treatment of prostate cancer also shows promising results (Wambersie 
et al 1994, Haraf et al 1995). One can note that in most reported clinical trials there are 
differences within the results due to the use of sub-optimal techniques at some clinics. 
At some centres where low-energy neutron beams have been used to treat deep seated 
tumours, over-dosage of superficial tissues is inevitable, and at some of the centres it 
has only been possible to utilize 1 or 2 treatment fields where 4 fields would have been 
preferable. Furthermore, treatment planning has often been done using insufficient 
tools. Therefore, now when treatment planning and delivery techniques used at 
modern fast-neutron therapy centres are almost on par with conventional photon 
therapy a better understanding of their practical and theoretical advantages is possible. 
A problem associated with the assessment of fast-neutron therapy as a cancer 
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treatment modality is the cost associated with the establishment of new centres. Due to 
the lack of encouragingly positive results, further clinical trials will take place only 
slowly. 

3.1.1 Salivary gland tumours 

Treatment of salivary gland tumours was tried early on, since these are superficial and 
therefore readily accessible to low energy neutrons. In addition, the results using 
conventional radiotherapy were unsatisfactory. Salivary gland tumours are usually slow-
growing, which is normally an indication that neutron therapy could be beneficial. This 
is at present the only type of tumour for which professional opinion seems to be 
unanimous that neutron therapy is more effective than conventional treatment (Bewley 
1989). For advanced local/regional disease, a randomized clinical trial demonstrated 
improved local/regional tumour control after 10 years (56% for neutrons vs. 17% for 
photons, p=0.009) (Laramore and Griffin 1995). Today, neutrons are recognized as the 
treatment of choice for advanced salivary gland tumours. This form of cancer is, 
however, rare. Of every 1000 new cases of cancer diagnosed in Canada each year, 
about 2.5 are cancer of the salivary glands (Hassen-Khodja and Lance 2003). It is 
therefore unlikely that the recognized benefits of fast-neutron therapy when treating 
this type of cancer will help to increase the number of fast-neutron therapy centres 
world wide. 

3.1.2 Prostate cancer 

Having long doubling times, prostatic adenocarcinomas should generally be a good 
candidate for neutron therapy and results to date look promising but “the jury is still 
out”. A study of 91 patients comparing mixed neutron-photon therapy to conventional 
photon therapy performed in the late 1970s and early 1980s showed improved 
local/regional control (70% for neutrons vs. 58% for photons, p=0.03) (Wambersie et 
al 1994) and survival (46% vs. 29%, p=0.04) after a follow-up period of ten years. In a 
later trial with 172 patients, local control rates were better for the neutron group after 5 
years (89% for neutrons vs. 68% for photons (p=0.01)). In a more recent analysis of 
these patients, however, there was no statistical difference between the two groups 
with respect to survival (Laramore and Griffin 1995). Results reported by Haraf et al 
(1995) indicate that for locally advanced prostate cancer neutrons may indeed improve 
local control. However, they also note that it is not certain that this also translates into 
an improvement in survival. Rossi et al (1998) state that there is empirical evidence that 
the RBE advantage of neutrons can result in improvement in local disease control in 
advanced prostate cancer. In vitro and human studies support the theoretical utility of 
particle beam therapy (high LET) in the treatment of prostate cancer.  

3.1.3 Other forms of  cancer 

Apart from salivary gland and prostate cancer fast-neutrons are also being used for 
treatment of head and neck cancer, soft tissue sarcoma and bone and breast tumours. 
For head and neck tumours, randomized trials have failed to show lasting advantages 
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for neutron treatment over conventional photon treatment (Maor et al 1995). Sarcomas 
seem to be better treated with fast-neutrons although no randomized trial has yet been 
carried out (Laramore and Griffin 1995). For all these cancer forms, clinical trials are 
ongoing but results are not yet available (National Accelerator Center, South Africa: 
http://www.medrad.nac.ac.za/). Kurup et al (1986) review the results of using fast-
neutrons to treat malignant gliomas. Based on survival alone comparisons do not show 
any superiority for neutrons compared to conventional radiation. However, neutrons 
seem to result in less aggressive and smaller residual tumour in many instances. At the 
same time they report that radiation necrosis is a significant problem.
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4 Neutron therapy 
Three different modalities of neutron therapy have been under study for about 60 
years. These are briefly described below.  

4.1 252Cf  neutron brachytherapy 

Despite important progress in radiotherapy technique and quality assurance, no 
significant increase in curative rates has resulted when photon radiotherapy is applied 
to cervical carcinoma (Tačev et al 2003). One reason for this is probably the varying 
radio-sensitivity of different tumour sub-populations. Treatment with Californium-252 
(252Cf), as a source of gamma/neutron radiation in brachytherapy, provides properties 
that help to overcome this factor. Discovered in 1956, 252Cf has a half-life of 2.645 
years, the primary decay (96.9%) being via alpha emission to 248Cm. One milligram 
emits 2.3 x 109 neutron/s (average neutron energy ~2.1 MeV; most probable energy 
~0.7 MeV). The photon absorbed dose is typically one order of magnitude smaller 
than the neutron one. Californium brachytherapy was introduced for cervical cancer in 
the 1970s. At the same time, the first long-term clinical research into 252Cf usage was 
commenced and, even in these early studies, it was shown that, depending on the 
method of administration, using 252Cf in tumour brachytherapy often produced better 
results than conventional brachytherapy. 252Cf is used in combination with external 
photon beam treatment since it has been found that irradiating the tumour with 252Cf-
seeds prior to irradiating with photons is the most effective way (Maruyama et al 1994) 
of producing complete tumour regression. Due to declining oxygenation with 
increasing tumour size, many large or bulky tumours are hypoxic and, since hypoxia 
has been identified as a major factor for the radio-resistance of cervical cancer, neutron 
therapy offers potential in treating gynaecological patients with advanced tumours. 
252Cf based brachytherapy may well prove to be the way to introduce neutrons into 
clinical practice. While the application of neutron radiation in the external irradiation of 
tumours is still problematic and requires complicated and expensive technology, using 
252Cf there is no need for extra technology and the cost is similar to conventional 
brachytherapy.  

4.2 BNCT 

Shortly after the discovery of the neutron, the concept of boron neutron capture 
(BNCT) was introduced in 1936 by Locher (Gahbauer et al 1998) who published a 
comprehensive theoretical account of the biological effects and therapeutic possibilities 
of these particles. Kruger and Goldhaber (Sweet 1997) began experiments with mouse 
tumours in 1938. They emphasized that the massive fission energies of 0.8 MeV for 7Li 

ions and 1.4 MeV for α-particles yield far more intense ionization than occurs from 
protons recoiling after collision with fast-neutrons. They recognized that the major 
advantage of this modality is the potential it offers in protecting nearby normal tissues. 
BNCT uses a different approach compared to conventional radio therapy techniques 
to deliver the absorbed dose to the tumour. In delimiting the treatment volume, little 
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or no beam collimation is employed. Instead, absorbed doses to the tumour are 
achieved by using a chemical compound containing boron with high specific uptake in 
the tumour. The patient is irradiated with epithermal neutrons (see Figure 2) thereby 
creating the thermal neutrons needed to maximize the cross-section for the neutron 
capture reaction with boron (see Figure 1) at the treatment depth. The reaction is 
followed by high local energy deposition. 
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Figure 1. The boron neutron capture reaction. 

which is utilized to eradicate the tumour cells. BNCT is used mainly in the treatment of 
brain tumours, in particular in the treatment of glioblastoma multiforme. The first 
BNCT treatments were carried out already in 1950 at Brookhaven. However, at that 
time the dosimetry of BNCT was not so advanced and the radiation necrosis in nearly 
all of the patients was characterized by thickening of the blood vessel walls due to 
proliferation and enlargement of all of their cells resulting in vascular occlusion. It then 
became clear that the dosimetry must include the boron in the blood vessels both 
those in completely normal brain and those invaded to various degrees by tumour. In 
the late 60’s Dr. Hatanaka (Sweet 1997) treated 90 cases of malignant gliomas, 40 were 
treated by BNCT and the other 50 by a multimodality combination of fractionated 
photon-radiotherapy and chemotherapy. Despite the average patient in the BNCT 
group being 10 years older, it had a 5-year survival rate 4 times that of his 
multimodality group. This of course spurred further studies but at present BNCT has 
failed to show substantial benefits over modern conventional techniques. There are 
two major reasons for this; i) a neutron beam that can provide thermal neutrons at the 
tumour depth is needed and ii) the boron compound must have a high specific uptake 
in the tumour cells. Work is underway at various centres all over the world. A nuclear 
reactor based BNCT facility was recently built at Studsvik, Sweden, utilizing a highly 
optimized epithermal neutron beam. It was, however, discontinued after a short period 
of service. 

 
 

 
 
 

Figure 2. Classification of neutrons according to their energies (adopted from Bewley 
1989). 

In the future, we can anticipate better neutron beams (e.g., similar to that developed 
at Studsvik) (Giusti et al 2003), more effective tumour-targeting agents and the 
possibility of using BNCT in the treatment of other neoplasms for which tumour 
control remains an unachieved objective. 

      cold     thermal     slow or epithermal    intermediate                 fast 
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4.3 External beam fast-neutron radiotherapy 

Until the last 20-25 years, neutron generators were of relatively low energy (Bewley 
1989). They had poor skin sparing and the beams were often fixed in one direction 
with only limited possibilities of shaping the beam. Thus, due to impaired physical 
selectivity in dose delivery, clinical trials comparing results with neutron and photon 
beams failed to show clear indications of the suggested radiobiological advantages of 
neutron therapy (Acta Oncologica 1994). However, during the last couple of decades 
modern hospital-based cyclotron units have become available. With these units, iso-
centric treatments are possible and, together with sophisticated beam shaping 
collimators, conformal therapy can be performed. With these cyclotrons, working at 
higher energies, dose distributions similar to those of 4-8 MV photon beams (Figure 
11) are attained. The requirements on a neutron therapy accelerator are listed by 
Maughan et al (1994) and are partially given in Table 1. 

Table 1. Neutron therapy accelerator requirements. 
Build-up/depth dose charcteristics equivlanet to a 4 MV photon beam 

Dose rate > 0.2 Gy/min 

Field flatness ± 3% 

Symmetry about axis better than 5% 

Iso-centric treatment 

Collimation to produce fields from 5x5 to 20x20 cm2 

Wedges and blocking available equivalent to conventional photon machines. 

 
Polyenergetic directional beams of high intensity and with low photon 

contamination result from bombarding targets of low atomic number with high-energy 
ions produced by cyclotrons or other high energy accelerators (ICRU 1977). The 
production schemes are described in sections 4.4.2 and 4.4.3. As can be seen from 
Table 2, the most common source is a beam based on the 9Be(p,n)9B reaction, i.e. the 
bombardment of a beryllium target with high energy protons.  

Today there are only a few centres (Table 2) where neutron therapy using high-
energy accelerators is performed. According to findings from multi-institutional trials 
only neutron beams produced by protons with energies greater than about 60 MeV 
could produce tumour control with side effects no worse than those of low LET 
radiation. For this reason (low-energy and/or fixed-beam) several centres either 
stopped treating patients or plans to upgrade their accelerators to higher energies. 
Today there are essentially four active clinics using state of the art technique. Namely; 
Fermi National Accelerator Laboratory in Batavia, Illinois (USA), the University of 
Washington in Seattle, Washington (USA), Harper Grace Hospital in Detroit (USA) 
and the National Accelerator Centre in Faure (South Africa).  However, the 
construction of neutron therapy facilities at Krakow (Poland), Bratislava (Slovak 
Republic) and Essen (Germany) is being discussed. In total, over 25000 patients have 
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been treated with neutrons to date (National Accelerator Center, South Africa: 
http://www.medrad.nac.ac.za/). 

Table 2. Fast-neutron therapy facilities (Ein >30 MeV), data adopted from National 
Accelerator Center, South Africa: (http://www.medrad.nac.ac.za/). The syntax 
p(X)+Be (or d(X)+Be), where X indicates the energy, in MeV, of a proton (or deuteron) 
beam impinging on a target of Be is used to describe the energy of a fast-neutron beam.  

Place Country 
Source 

Reaction 

SAD* 

[cm] 

Beam 

Direction 

First 

Treatment 

No. of 

Patients# 

Orleans France p(34) + Be 169 Vertical 1981 1729 

Beijingº China p(35) + Be  Horizontal 1991 485 

Detroit USA d(50) + Be 183 Isocentric  1990 1171 

Seattle WA USA p(50) + Be 150 Isocentric  1984 1915 

Seoul South Korea p(50) + Be 150 Isocentric 1986 310 

Batavia, IL USA p(66) + Be 190 Horizontal 1976 3011 

Faure South Africa p(66) + Be 150 Isocentric 1988 1026 

ºLinear accelerator, all other accelerators are cyclotrons. *Source-axis-distance. # 1999. 
 
A current and historical problem in fast-neutron therapy is the variation in clinical 

RBE between the centres. This has made the interchange of clinical information and 
the comparison of clinical results at best cumbersome and to some extent impossible. 
To make things worse, the clinical RBE changes within a fast-neutron “beam” by 
several percent with depth and by up to a factor of almost two with beam-energy. For 
this reason (Gueulette et al 1996) an inter-comparison campaign involving seven 
neutron therapy facilities was initiated by EORTC (European Organization for 
Research and Treatment of Cancer). The RBE-values were found to vary from 1.45 
(Nice, p(62)+Be) to 2.24 (Ghent, d(14)+Be) between the centres. 

4.4 Production of  fast-neutron beams 

Three main types of neutron-generating methods are available for external neutron 
therapy (Wootton 1988): 

1. fusion reactions, d+T or d+D fusion reactions 
2. stripping reactions, d+Be 
3. inelastic interactions, p+Be 

4.4.1 d+T and d+D fusion reactions 

Since the colliding nuclei only need to be accelerated to potentials of 200-400 keV, the 
deuteron+3H (d+T) reaction has been of great interest, making possible the 
construction of self-contained isotropic sources of neutrons of energy 15 MeV suitable 
for mounting on an iso-centric gantry. However, due to the low dose rates achievable 
with this design the possible use of flattening filters is limited. Since target areas (focus 
spots) are also large, the lack of beam flatness and a relatively large penumbra require 
the use of larger treatment fields. Hence, the absorbed dose specificity is not good.  
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The deuteron+2H (d+D) fusion reaction produces neutrons by two mechanisms; 
D(d,n)3He and D(d,np)D. The reaction is often achieved by using deuterons from a 
low energy cyclotron incident on a pressurized deuterium gas target. However, the 
main problems with a d+T based neutron source remain, i.e., wide penumbra and 
shallow depths of dose maxima. 

4.4.2 d+Be reactions 

Deuteron stripping reactions between deuterons and light nuclei have high yields. The 
neutron energy can be approximated by: En=0.4Ed-0.3 MeV. The high yields make it 

possible to have large source-surface distances (≥150 cm). Using deuterons with an of 
energy 40 MeV gives a neutron beam with similar absorbed dose distribution 
characteristics to a 6 MV photon beam. At Harper Grace Hospital, Detroit (USA), a 
superconducting cyclotron has been in use since 1991 and is described in detail by 
Maughan et al (1994, 1999). It produces 48.5 MeV deuterons and uses a thick internal 
beryllium target to produce neutrons. The neutron spectrum ranges from thermal 

energies up to ≈52 MeV with a mean of ≈20 MeV. In clinical contexts, a dose-rate of 
0.4 Gy/min at the iso-centre is used. The distance between the beryllium target and the 
iso-centre is 183 cm. 

4.4.3 p+Be reaction 

Neutron yields in the proton + Be (p+Be) reaction are enough to obtain dose rates of 
the order of 0.5-1.0 Gy/min. Neutron energies can be approximated by: En=0.47Ep-
2.2 MeV but, due to a larger low energy tail than for d+Be beams, the necessary proton 
energy required to produce characteristics similar to a 6 MV photon beam is about 65 
MeV (using thick targets). A cyclotron of given diameter and magnetic field can 
accelerate protons to twice the energy it can give to deuterons. For this reason protons 
are a more economical alternative. Protons do however have several disadvantages. For 
a given neutron intensity, heat dissipation in the target is double that for a deuteron 
machine and the low energy tail of the neutron spectrum needs to be removed by a 
filter. Furthermore, p+Be beams have an unwanted “feature”: they contain a lot of 
photons originating in the target. These photons have energies of about 4-5 MeV and 
are hard to remove. 
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5 Historical development: concepts and 

constraints 
Before continuing with the discussions regarding neutron interactions and dosimetry, a 
short reflection upon some concepts and constraints used within radiation physics is 
appropriate. 

During the work on this thesis I have, like others (Kellerer and Rossi 1990, 
Simmons 1992, Menzel et al 1994), found myself a bit confused and/or annoyed by the 
use of quantities that are neither strictly valid nor very good as a descriptor of the 
studied effect/phenomena. Instances of these shortcomings in neutron therapy are the 

use of kerma instead of absorbed dose, using Dy  or *y  as an indicator of RBE (see 

Paper IV and section 8) and so on. As pointed out by Kellerer and Rossi (1990), the 
ICRU sees extending the use of the quantitative tools of radiation dosimetry and 
radiation biology as a central part of its responsibilities. An example is the transition 
from earlier radiation units and quantities to exposure and then to absorbed dose. The 
formulation of microdosimetrical quantities and concepts that to some extent specify 
quality by using the spatial patterns of energy deposition has been a further aspect of 
particular importance in radiation biology and radiation protection. The concepts of 
microdosimetry were implemented into the system of basic radiation quantities by the 
ICRU (1980, 1983). Microdosimetry is still developing. The introduction of stochastic 
radiation quantities may not be the last major change in the framework of dosimetry.  

As mentioned by Menzel et al (1994) the problems of RBE in radiation protection 
and radiation therapy are fundamentally different. In radiation protection, an 
acceptable solution has relatively easily been found, due to the practiced principle of 
conservatism in the assessment of equivalent dose. Equivalent dose relies on the use of 
experimentally-observed RBE values in the wR factors (ICRP 1991).  In neutron 
therapy the situation is different. Clinical and radiobiological considerations have led to 
the conclusion that the standard requirement for accuracy in the absorbed dose 

delivered to the target volume during photon or neutron therapy is 3.5-5% expressed 
as one relative standard deviation (ICRU 1976, Mijnheer et al 1987, Menzel et al 1994). 
The imperative point is that this includes the uncertainties in the determination of 
absorbed dose and the specification of radiation quality.  

When Stone initiated the use of neutrons in radiation therapy, the importance of 
radiation quality aspects and of the need for accuracy in delivering the correct “dose” 
was not recognized. Fractionation schemes were not known and in fact the only thing 
that was thought to be of importance was the total absorbed dose delivered. One can 
therefore speak of a shift in paradigm in the area of radiation therapy taking place in 
the period 1940-1966. The shift I am referring to is related to the focus on which 
“observables” are of interest when specifying the correct treatment to patients. In the 
beginning, only the absorbed dose was taken into account, later the need to control 
radiation quality was realized. 
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In 1963 T S Kuhn in his book “The structure of scientific revolutions” published in 
1963 (Kuhn 1963) established the concept of the paradigm. As discussed by Purtill 
(1967) this can be seen as a theory accepted by the scientific community that solves 
certain scientific problems, thereby explaining certain phenomena and hopefully 
solving some new ones. Kuhn argues that there normally exist one or sometimes a few 
theories in any given area of science. Normal science according to Kuhn consists 
mainly of applying the paradigmatic theory to the solution of problems similar to those 
it has already solved. But after a paradigm has been in use for a time, some 
phenomenon emerge which despite repeated tries cannot be explained by the currently 
paradigm in use. This weakens confidence in the used paradigm and when a theory 
(paradigm) appears which explains the unexplainable phenomena the currently 
accepted paradigm may be overthrown and replaced by a new one. It is possible to 
characterize developments in neutron therapy as a shift of paradigm. In 1938, Stone 
used absorbed dose to prescribe the correct treatment dose, 1966 workers at 
Hammersmith had knowledge of the role of fractionation schemes and radiobiology to 
more correctly derive the correct treatment dose. 

5.1 Problem and constraints 

That neutron radiation therapy is still developing is indicated by the continuous 
development of concepts and quantities during the last decades. Hence, some 
reflections on the justification and validity of the concepts and methods used are in 
place. When we are searching for an answer or a solution to a problem, how do we 
proceed? Or to put it another way, what is the relation between scientific problems and 
the constraints on their solutions?  

Constraints obviously do much to determine a problem and its formulations, but to 
what degree? How do they affect, in no particular order, the “why”, “what” and 
“how”? Why - as in “why should we study neutron dosimetry”? What - as in “what are 
the research questions”? How - as in “methodology”. The “how” and “what” are for 
obvious reasons more or less often decided by resources, such as available tools and 
funding. However, from the point-of-view of a “research purist”, the question as to 
“why” might be perceived as the most context independent. 

Methodology always constrains a problem. We tend to create concepts that are in 
one way or the other possible to derive, with the tools available at the time. By 
formulating the question and describing the problem one has defined the paradigm and 
limited the number of possible solutions. One should be aware of the constraints this 
leads to.  

So, from the radiation physics point-of-view what scientific constraints are relevant 
in the field of neutron therapy? One can probably find the answer to this in the 
problems we try to solve. The fundamental task in radiation therapy is to use radiation 
to kill cancer cells. During the evolution of this therapeutic method, the concepts used 
to evaluate and monitor dosimetry as well as the knowledge of the biological response, 
have evolved. This progress is clearly shown, as mentioned earlier, by the change in 
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concepts due to the ICRU. It has also led to the development of a special area of 
research, namely, radiobiology. It is the concepts currently used in this field which 
decide the form of the answers we deduce. Technical developments clearly affect 
possible ways to go about deducing the answers and they also sometimes make certain 
questions trivial, thereby making it irrelevant to study certain earlier topics. The 
introduction of a new concept or new method often has the aura of the little boy who 
is taught by his father to use a hammer and who then uses it eagerly on everything at 
hand. Or, to phrase it another way, if you only have a hammer, you tend to make all 
problems behave like nails. This does, however, help in testing the validity of the 
concept or method in the area of science where it is used.  

The point I am trying to make by writing this chapter is that we who work in 
radiation physics often are poor scientists when it comes to clarifying “why”, “what” 
and “how” when we go about doing research. We have a tendency to jump over the 
“how” and “what” and go directly to the “why”. We tend to think, as is sometimes 
indeed justifiable, that the “what” – e.g., what quantities should we derive - is obvious. 
However, this dodges discussion of the justification and validity of the concepts (or 
quantities) used. The same is often done with methodology: too many researchers are 
in a position of using “black-boxes” as tools to derive results. The method could be 
the Monte Carlo codes used in this work or a chemist’s liquid chromatograph (HPLC). 
The justification for the absence of discussion of the weaknesses of the methods used 
seems to be that when enough people use the same method it is probably alright for 
me to do so too.  

To conclude, one should always reflect upon weaknesses in the methodology and 
clarify the validity of the concepts used and quantities derived. 
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6 Neutron interactions 
Neutrons interact weakly with matter and are therefore penetrating. They differ from 
photons in the fundamental mechanisms by which they interact. Photons interact 
mainly with the electrons surrounding atomic nuclei. Photons, although electrically 
uncharged, can be seen as a disturbance in the electromagnetic field and therefore 
interact with the electrons. Neutrons are electrically uncharged and, since they do not 
interact via the Coulomb force, the probability of their interacting with the atomic 
electrons is negligible. Neutrons interact instead with the nucleus and its nucleons. This 
has several important consequences.  

For photons, the interaction cross-sections per atom are unique functions of the 
atomic number Z. However, the strength of the neutron-nucleus interaction varies as a 
function of both Z and N (N = the number of neutrons in the nucleus); isotopes of 
the same element often having substantially different neutron interaction cross-

sections, σ. The most significant isotopic variation occurs for Z = 1. Hydrogen has a σ 
which is roughly the same as that of Mn. On the other hand, for deuterium the value 

of σ is similar to that for 12C. Thus, unlike photons, neutrons not only "see" hydrogen 
isotopes, but can also differentiate between them. The main reaction channels are: 
elastic scattering, inelastic scattering, nonelastic scattering, capture reactions and fission 
and are described briefly in Table 3. 

Table 3. A brief description of the most common neutron reaction channels. 
Reaction type Example Comment 

Elastic scattering H(n,n)H 

Momentum is conserved and for 

hydrogen: En=E0,ncos2θn and 

Ep=E0,nsin2θn. 

Inelastic scattering C(n,n’)C* 

Interaction with the bombarded nucleus in 

which the neutron is promptly emitted and 

is generally accompanied by the emission of 

a photon from the excited nucleus. 

Nonelastic reaction 
C(n,n’3α) 

C(n, α)Be 

Interaction with the bombarded nucleus, 

resulting in the emission of particles other 

than neutrons. 

Capture reaction 
1H(n,γ)2H, γ=2.2 MeV 
14N(n,p)14C, p≤620 keV 

Absorption by H is the principal mode by 

which neutrons are absorbed in human 

tissues.  

 
In elastic scattering the total kinetic energy of the neutron and the nucleus is 

unchanged by the interaction. A fraction of the neutrons kinetic energy is transferred 
to the nucleus. For a neutron of energy E encountering a nucleus of atomic weight A, 
the average energy loss is 2EA/(A+1)2. This shows that the maximum energy loss is 
achieved if the target nucleus is hydrogen. Consequently hydrogen-rich materials are 
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very good moderators for neutrons. The elastic cross-section H(n,n’)H is very high and 
dominates the kerma in soft tissue over a large energy interval. 
Inelastic scattering is similar to elastic scattering except that the target nucleus is left in 

an excited state leading to subsequent loss of this energy by radiation. Since the target 
nucleus becomes excited, the sum of the kinetic energies of the outgoing neutron and 
the recoiling target nucleus is less than the energy of the incoming neutron. Inelastic 
scattering can only occur above an isotope-specific energy. Above that energy, the 
cross-section for inelastic scattering is proportional to 1/v (which is proportional to the 
time the neutron takes to pass the nucleus). One can note that since they cannot be 
excited, only elastic scattering is possible from hydrogen nuclei.  
Nonelastic reaction is the reaction principle responsible for producing particles other 

than recoils of the bombarded nuclei. Consider YbnX +→+  where b is the emitted 

particle (n, p, α, etc.). The Q value of such reaction can be either positive or negative. 
In the case of endoergic reactions (Q<0) there is a threshold. The theories and models 
describing particle-reaction cross-sections are complex and often semi-empirical (i.e., 
needs measurements to fine tune the data). The models need to describe both 
compound nucleus formation and direct processes. In soft tissue such reactions are 
responsible for 5-10% of the kerma. 

In capture reactions the neutron is absorbed by the target nucleus resulting in an 
excited nucleus which releases its excess energy by either emitting a photon or 
disintegrating into lighter fragments. The most famous capture reaction is probably 
that described in Equation 1, in which a neutron is captured by 10B. However, the most 
common in soft tissues is the capture of thermal neutrons by H in which 2H is formed 
and a 2.2 MeV photon emitted. This is the principal source of photons in a body 
irradiated by neutrons. 

6.1 Cross-sections 

In order to evaluate results from clinical trials at fast-neutron therapy centres and draw 
correct conclusions, the underlying physics contributing to the results must be known. 
Information about the energies and types of the charged particles contributing to the 
absorbed dose and their energy-distributions is essential. The use of Monte Carlo 
transport simulation to calculate absorbed dose distributions in anthropomorphic 
phantoms and patients is an important tool in this work. Cross-section data of high 
quality are essential, since the accuracy of the Monte Carlo derived dose distributions 
depends strongly on that of the values used. For fast-neutrons, these are still not 
sufficiently well known for calculating absorbed doses in patients with the degree of 
accuracy needed in radiation therapy and achievable with photon beams. At present, a 
number of research groups are making considerable efforts to improve the cross-
section data (Dangtip et al 2000a, 2000b, Benck et al 1998, Chadwick et al 1999a, 
Bateman et al 1999, Bergenwall et al 2002, Tippawan et al 2004) for fast-neutrons 
incident on carbon, nitrogen and oxygen, the most common elements in the human 
body (Table 4). In the early 1980s experiments were made to determine cross-sections 
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at UC Davis in California (Subramanian et al 1983; 1986). These data are, however, 
incomplete and have large statistical uncertainties. More recently, similar measurements 
have been initiated at Louvain-la-Neuve (Slypen et al 1994, Benck et al 1998), by a 
group in Takasaki (Kiyosumi et al 1994) and at the The Svedberg Laboratory (Dangtip 
et al 2000a). State-of-the-art kerma coefficients for neutron energies up to 150 MeV 
have been published (ICRU 2000, Chadwick et al 1999a). The uncertainties in these 
data increase with increasing neutron energy and caution is required when using data 
above 20 MeV. While the accuracy of data for hydrogen is already at an acceptable 

level (≈1%), the uncertainty of the kerma coefficients for body tissue elements (Table 
4) in the energy range 30-80 MeV varies between 7 and 25% (ICRU 2000, Chadwick et 
al 1999a, IAEA 1997, White et al 1992). This is insufficient when absorbed doses have 
to be known with uncertainties of less than 3.5-5% (ICRU 1976, Mijnheer et al 1987, 
Menzel et al 1994). In recent measurements at the The Svedberg Laboratory, Dangtip et 
al (2000b) found discrepancies between their measurements and tabulated data. They 
measured double-differential cross-sections of inclusive (i.e. the sum from all reaction 
channels producing the specific particle) proton, deuteron and triton production 
induced by 95 MeV neutrons on carbon. For protons, values of partial kerma 
coefficients were found, which were up to 35% higher than the tabulated values. 

Table 4. Composition of body tissues and phantom materials (weight percent) used in 
the simulations in Paper I. 

Material H C N O Ca Others Density 

[g/cm3] 

Bone* 8.5 40.4 2.8 36.7 7.4 4.2 1.18 

ICRU soft tiusse 10.1 11.1 2.6 76.2 - - 1.025 

Muscle (skeletal) 10.2 14.3 3.4 71.0 - 1.1 1.05 

Adipose 11.4 60.0 0.7 27.9 - - 0.95 

Water 11.1 - - 88.9 - - 1.00 

A-150 10.1 77.7 3.5 5.2 1.8 1.7 1.12 

PMMA 8.0 60.0 - 32.0 - - 1.18 

*Skeleton spongiosa 

 

There are two ways (Dangtip 2000b) kerma coefficients (see section 8.1) are 
determined: i) from direct calorimetric measurements of kerma, and ii) from 
calculations of kerma coefficients from basic nuclear cross-sections. Direct 
measurements of kerma coefficients are difficult and values are available only for a few 
elements and neutron energies. Calculation of kerma from basic nuclear data requires 
information from nuclear data libraries, which normally are obtained by evaluation of 
experimental microscopic cross-sections and nuclear model predictions. 

The relation between the nuclear cross-sections and kerma coefficients, kf, is: 
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where N is the number of nuclei per unit mass, index i represents the type of 

charged-particle, e.g., proton, deuteron, triton, 3He, α, etc, E is the energy of the 

secondary charged particle and dEdEd ni Ω)(2σ is the double differential cross-section 

at neutron energy En. 

6.2 Measurements of  charged particle cross-section data 

During 1987-1992, a cross-disciplinary Coordinated Research Programme (CRP) on 
“Nuclear Data Needed for Neutron Therapy” was organized by the IAEA (White et al 
1992). They identified which fundamental cross-section data are of highest relevance 
for the development of fast-neutron therapy and gave highest priority to new 
measurements of double-differential light ion production cross-sections and kerma 
factors for the most important elements in tissue, i.e., carbon, nitrogen, oxygen and 
calcium, up to about 80 MeV.  

The energy-loss correction developed and described in Paper I was part of the 
design of a facility for measurements of such nuclear cross-sections for fast-neutron 
therapy (Dangtip et al 2000a; 2000b). The measurement facility called MEDLEY is 
shown in Figure 3. Some specific points of the measurements, not discussed in Paper I, 
will be given here.  

 

neutron beam

charged particle 

production target

∆E detector; Si

∆E detector; Si

E detector; CsI(Tl)

ΘSC

  
Figure 3. The MEDLEY setup at The Svedberg Laboratory, Uppsala, Sweden: The 
arrangement of one of the eight detector telescopes in the scattering chamber (left). 
Scattering chamber and the arrangement of the telescopes (right). The neutron beam 
enters the chamber at the upper right corner. 

In order to derive double-differential cross-section data the following points need to 
be addressed: a mono-energetic neutron beam, particle identification, absolute cross-
section data and detector efficiency and corrections. While, ideally measurements 
should be performed using a mono-energetic neutron beam, in practice this is never the case. 
The p+Li neutron beam used at The Svedberg Laboratory, has a neutron energy 
spectrum consisting of a full energy neutron peak (at energies just below the incident 
proton energy used) and a low energy tail. In the MEDLEY setup, using time-of-flight 
(TOF) obtained from the radio frequency of the cyclotron and the timing signal from 
each of the eight telescopes, TOF is measured for each charged-particle event. The 
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resulting neutron TOF is used for selection of charged-particle events induced by 
neutrons in the main peak of the incident neutron spectrum. 

The need for a method to identify the particles is imposed by the fact that many 
different types of particles with very different energies emerge from the target. It is 

common to use a ∆E–E technique to identify lighter charged particles ranging from 
protons to lithium ions. For this method to be optimal, the particle to be detected 

must have sufficiently high energy to penetrate the ∆E detector and to be fully stopped 

in the E detector. In the MEDLEY setup, a ∆E1-∆E2-E detector telescope was 
selected. This yielded good separation of all particles over their entire energy range 
making particle identification a straightforward procedure. Low-energy charged 

particles are stopped in the ∆E1 detector leading to a low-energy cut-off for particle 
identification of about 3 MeV for hydrogen isotopes and about 8 MeV for helium 

isotopes. Helium isotopes stopped in the ∆E1 detector were nevertheless analyzed and 
a low cut-off, about 4 MeV, for the experimental alpha-particle spectra could be 
achieved.  
Absolute cross-section was obtained from measured data by comparison with the 

number of recoil protons emerging from a hydrogenous target (CH2), and assuming 

that the n-p scattering cross-section is well known (≈1%).  
Efficiency – corrections: Since the inherent neutron beam intensity was low, 3x104 n s-1 

cm-2 (Dangtip et al 2000b) it was logical to use a thick target in order to increase the 
number of charged particles emitted from it. However, in doing so, the energy-losses 
of charged particles before escaping the target increased and had to be corrected for 
using correction techniques such as those discussed and compared in Paper I. In 
Figure 4, the spectrum of the particles actually released in the target and those detected 
in an experiment performed by Johnson et al (1980) is shown. The measured spectrum 
is compared with the spectrum calculated using the code CONNECT developed in 
Paper I. Figure 4 gives some insight into the corrections needed especially at low 
particle energies, when using thin targets. A short description of the stripping 
technique used in Paper I is given here. 

The response function (see Figure 5) gives the fraction of created particles that 

escape from the target with energies in the bin Ei ± 0.25 MeV. The shaded area gives 
the total number of particles created in the target in the highest energy bin. It is equal 
to, or larger (corresponding to particle losses in the target) than the total area of the 
histogram of the response function. The calculated response function assumes that the 
energy of the created particles is evenly distributed in the highest bin.  
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12
C(n,xα), En=39.7 MeV at 20 degrees
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Figure 4. An at-reaction-point (corrected) and an after-target (uncorrected) double 

differential cross section of the 12C(n,xα) reaction for 39.7 MeV neutron at angle of 20o. 
The target thickness is 4.1 mg/cm2. The true (corrected) and measured (uncorrected) 
spectra shown are from Johnson et al (1982). The calculated spectrum was obtained 
using CONNECT developed in Paper I and the true spectrum.   
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Figure 5. The response function R(Ei; EN=15 MeV) for protons with initial energies in 

the interval 15 ± 0.25 MeV created in a 0.5 mm thick carbon target.  
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The stripping technique uses response functions such as that shown in Figure 5 to 
“strip off” the true spectrum from the measured one. The measured data in all energy 
bins Ei (except for the highest energy bin Emax) is a sum of contributions from charged 

particles originating in the production target with energies ],[ ∆+∈ ii EEE  where ∆ is 

the energy corresponding to the maximum energy-loss in the target. The general form 
of the problem can be described by a Fredholm integral equation. 

∫
∞

=
0

')'()',()( dEETEEREM    (2) 

 which is a convolution of the true spectrum T(E)dE and the response function R(E; 
E’). By discretising the spectrum, the reconstruction process can be described and 
solved via a matrix equation of form M = RT , where M represents the measured 
values, R the response functions and T the true values. In Paper I we use the fact that 
the elements below the diagonal in R are zero, i.e..  
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Expanding Eq. (3) gives 
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By starting at the high-energy end of the spectrum, T(EN) can be calculated since both 
M(EN) and the response function R(EN; EN) are known. Then T(EN-1) can be deduced 
and so on, until T(E1) is resolved. This procedure has been described as a 
‘‘stripping’’ technique (Knoll 1989). 



Dosimetry and radiation quality in neutron therapy 

 24 

7  Monte Carlo simulations 
The systematic development of Monte Carlo methods has its origin in the work at Los 
Alamos and dates back to about 1944. The term “Monte Carlo” was adopted as the 
code name in simulations of neutron diffusion made at Los Alamos during World War 
II as part of the work to develop nuclear weapons. The method is based on the 
generation of random numbers and is named after the city in the Principality of 
Monaco famed for its roulette casinos. It is nowadays a commonly used tool for 
solving complex mathematical equations arising in modelling problems in many fields, 
e.g., environmental pollution, the stock market and quantum chemistry. 

In radiation physics, the Monte Carlo method is used mainly for solving the 
Boltzmann transport equation. There are few situations in which this can be solved 
analytically. Often, using an analytical approach, so many simplifying assumptions are 
made that the solutions found are of little practical interest. The Monte Carlo method 
has found widespread use in applications of dosimetry, imaging and high-energy 
physics. Examples of its use in medical radiation physics are: calculations of detector 
response, modelling imaging systems in diagnostic radiology (Sandborg et al 1994) and 
nuclear medicine (Gustafsson et al 1998) and simulation of medical accelerators for 
radiotherapy (Rogers et al 1995). Applications in dosimetry include: thin-layer 
dosimetry, radiation protection dosimetry, radiation therapy treatment planning 
(Wemple et al 2005). 

A frequent problem with the Monte Carlo technique is that when detailed 
information with high precision is needed (e.g., high spatial resolution is required or 
complex irradiation geometries are involved in absorbed dose calculations), 
computation times may be very long. Nowadays, due to the computational power of 
modern PC:s, the importance of this problem is decreasing. However, this limitation 
has led to development of various techniques of variance reduction (see Lux and 
Koblinger 1991) and, in many applications these methods are essential even using very 
fast computers.  

When solving the Boltzmann transport equation, Monte Carlo simulation means 
that individual particles are followed when they interact with the medium in the same 
manner as in the physical world. Their positions at each interaction are selected using 
random numbers and the probability functions for interaction. A new energy and new 
direction of motion are sampled after each interaction. A particle is followed until it 
reaches an energy which makes the impact on the quantity scored negligible. The 
building blocks of a Monte Carlo code are a random number generator, a physical 
model of the various steps in particle transport, and the probability distributions of the 
variables used in the models. The rest is geometrical transformations and scoring of 
the quantities of interest.  
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7.1 The validity of  Monte Carlo simulations 

It is convenient to be able to simulate a multi million dollar experiment using software 
and an affordable PC. Today, this is possible using modern Monte Carlo codes and is 
often done when designing complex and expensive devices. Even for less complex 
tasks, the possibility to find answers to questions that may be impossible to answer 
experimentally is satisfying. However, there are many pitfalls when using Monte Carlo 
methods to solve tasks that could otherwise have been answered using experiments.  

7.1.1 Models and cross-section data 

The accuracy of a Monte Carlo simulation can never surpass the accuracy of the cross-
section data and models used in the code. Therefore it is essential to make sure that the 
cross-section data used are accurate or the best ones available and at least as good as 
needed to answer the specific problem. This has been, and still is, a problem in Monte 
Carlo simulations in medical radiation physics. Measurements of cross-section data 
have for a long time been driven by the needs of the military and energy industries. 
Hence, cross-section data for various metals and heavy elements have been of interest. 
It is only during the last 2-3 decades that the needs of the medical applications have 
got any attention. The cross-sections needed are for the various elements in the human 
body (see Table 4 for a short list of some of these elements). The accuracy of the 
available cross-section data was discussed in some detail in section 6.1. 

7.1.2 Geometry 

While setting up the geometry in a Monte Carlo code, one should try to include only 
the essential parts of the real conditions. This is a constraint mainly due to practical 
reasons: not all details are relevant for the task at hand and not all details of the 
geometry are known. This leads to qualified guesses as to what to include and what to 
reject when constructing the geometry. Furthermore, when the geometry is set up, it is 
essential to have graphical tools to help to evaluate the correctness of the geometry 
constructed. While using FLUKA (Paper II), this possibility was initially absent and for 
some time I succeeded in messing up the geometry, despite it being very simple. This 
was first realized when the geometry was plotted and all the calculations had to be 
repeated. Correct dimensions and knowledge of the true elemental compositions of the 
materials are also crucial in deriving reliable results. Many colleagues bear witness to 
the problems related to elemental composition and geometry in their simulations.  

During the last couple of years, projects involving image quality and/or patient 
dosimetry in both nuclear medicine and x-ray diagnostics have used complex 
geometries by segmenting the patient in a CT scanner, thus permitting the use of 
geometries with 256x256x1000 voxels or more! A set of patients of different lengths, 
age and weight segmented into very small voxels capable of being used to perform 
optimisation tasks would prove useful in many areas of radiation physics.  
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7.1.3 Variance reduction 

Monte Carlo simulations can take a long time to perform, e.g., the calculations 
performed in Paper II took about 3 CPU months. Therefore, variance reduction 
techniques can be useful. Tracking only photons without following any electrons can 
often be performed using analogue techniques, but if the probability of the photons 
hitting the scoring volume of interest is low, variance reduction can be used. When 
many types of particles are to be followed, it is also useful to try to limit the 
calculational demands. For instance in the simulations performed in Paper IV thirteen 
(13!) different types of particles are tracked and hence the simulation speed was 
drastically slowed down. In MCNP for instance many variance reduction techniques 
are available. Below, I briefly describe two of them, importance sampling and collision 
density estimator, since they give some insight into how variance reduction techniques 
are employed in modern Monte Carlo codes. Variance reduction can either be applied 
in the scoring step (such as the collision density method) or in the way the random 
walk is sampled (for example importance sampling). For a more detailed discussion see 
for instance (Persliden 1983, Sandborg et al 1994, Breismeister ed. 1993). 

Importance sampling 
This is one of the oldest variance-reduction techniques. Particles transported in the 
Monte Carlo code, which head in directions that are important for the scoring, are 
increased in number by a chosen factor, say k. At the same time they are given a lower 
weight, in this case 1/k, in order to maintain the necessary balance. On the other hand 
particles heading in a less important direction are reduced in number (or even killed) so 
as to not waste valuable computer time on them. This technique is easy to use and it 
can speed up calculation times considerably and give reliable results when k is selected 
within reason. 

Collision density method – point detectors 
Using point detectors the code creates a “virtual” particle in each collision (sampling 
point) that is both transported and scored deterministically at the point detector. This 
means that, while the transport of the “real” transport progresses, the point detector 
gets contributions at every collision. This is an efficient technique of variance 
reduction, but can only be used for uncharged particles. Charged particles have 
deterministic ranges and cannot therefore yield contributions from arbitrary collision 
points. However, when implementing point-detectors care must be taken as they can 
behave in an unrealistic manner in certain conditions, see for instance the MCNP 
manual (Breismeister ed. 1993). 

7.1.4 Comparisons 

“Shown by testing and criticism”. Whenever the Monte Carlo method is adopted, there is 
always a need to verify the results. Having read the sections above, the need for 
validation is apparent. If one can show that, for or a number of subsets of the 
problem, simulations give the same answers as has been derived by others, then one 
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can probably infer that the other results derived are reliable as well. The best and most 
respectable comparisons are those made with measured data, but if only comparisons 
with the results of well-tested Monte Carlo codes can be made then the results (if 
agreeable) get some authority as well. By doing this we, the users of Monte Carlo 
codes, are adopting what philosophers call methodological falsification (Kleindorfer et al 
1998), which is “shown by testing and criticism”. 

7.2 Monte Carlo codes used in this thesis 

Monte Carlo calculations offer the possibility to study in great detail the contribution 
to the absorbed dose from different types of charged particle. For this, a Monte Carlo 
code in which the secondary charged particles are transported separately is needed. For 
neutrons of energies below 20 MeV, the so-called kerma approximation can be applied. 
In this, the absorbed dose is derived under the assumption of charged particle 
equilibrium. This is assumed, e.g., in the Monte Carlo code MCNP5 (Goorley et al 
2004) commonly used in medical radiation physics. In Paper II, the kerma 
approximation is not applicable at the high neutron energies considered (above 20 
MeV). Therefore the multipurpose code FLUKA was chosen in Papers II and III. 

Among other particles, this code transports protons, deuterons, tritons, 3He and α-
particles. A detailed description is given by (Aarnio et al 1986; 1987 and Ferrari et al 
1992) and information can also be found at the FLUKA homepage: 
http://pcfluka.mi.infn.it/.  

In Paper III, an in-house Monte Carlo code was developed, named CONNECT, to 
simulate the experimental MEDLEY set-up, taking into account all relevant physical 
characteristics. The MEDLEY set-up at the The Svedberg Laboratory in Uppsala has 
been constructed to measure neutron-induced charged-particle production cross-

sections for (n,xp), (n,xd), (n,xt), (n,x3He) and (n,xα) reactions at neutron energies up 
to 100 MeV. Corrections for the energy losses of charged particles in the target are 
needed in these measurements, as well as for loss of particles. The detector set-up 

consists of eight detector telescopes, each a ∆E-∆E-E detector combination. The 
three-detector telescopes consisted of two silicon detectors and a CsI crystal. Only 

heavy charged particles (p, d, t, 3He, and α) are transported and since detailed 
information about energy deposition in the various compartments of the telescope is 
not of interest, a simple physical model was applied. A general description of the 
models and approximations used in the code is given in Paper I and was briefly 
discussed in section 6.2. 

A code CRAWL which was based on CONNECT and utilizing a stripping 
technique, was developed to correct measured energy distributions of charged particles 
for particle and energy losses in the production target. The method was sensitive to 
statistical fluctuations in the number of particles in the measurements. Smoothing of 
the data was made by re-binning the registered counts into larger energy bins. The 
reconstruction method was shown to compare well to other methods suggested in the 
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literature (Rezentes et al 1995, Slypen et al 1994) but to the expense of degraded energy 
resolution (Paper I). 

In order to describe the energy deposition density in a fast-neutron beam a full 
description of all the charged particles released is necessary. The following particles are 
of interest in radiotherapy: photons, electrons, neutrons, protons, deuterons, tritons, 
3He, α, Li-ions, Be-ions, B-ions, C-ions, N-ions and O-ions. In Paper IV a 
multipurpose code, SHIELD-HIT (Gudowska et al 2004, Geithner et al 2006), was 
used to calculate the energy differential fluence spectra and absorbed doses of all the 
particles given above. How that information was used is discussed in Paper IV. The 
capability to track and score such detailed information about the radiation field has 
been realized rather recently in some other Monte Carlo codes. Examples are 
GEANT4 (Allison et al 2006), PHITS (Iwase et al 2002) in addition to SHIELD-HIT. 
This has become possible because of the availability of both production cross-section 
data and stopping-power data as well as the development of the tracking capabilities 
needed to track these particles. 
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8 Neutron dosimetry 
Because neutrons and photons ionize indirectly, the methods of dosimetry are similar 
but with important differences. In neutron dosimetry, tissue composition is critical, 
since the probability for interaction with the elements in the body (H, C, N, O, Ca and 
P) varies considerably with energy and isotopic abundance in a way not so easy to 
correlate to atomic number as in photon dosimetry.  

The most important contributions (70-75%) to absorbed dose in tissue come from 
protons. With increasing neutron energy, the initial energy of the released protons is 
higher, and the corresponding LET decreases. This is balanced by the increasing 
probability for nuclear reactions at high neutron energies which gives rise to heavy 
charged particles (Menzel et al 1994) in an LET-interval where RBE depends strongly 
on LET (Barendsen 1994). Due to the build-up of energy-degraded secondary 
neutrons, LET distributions and hence RBE for tissues located at different positions 
vary with depth in the body irradiated (Bewley 1989). The LET-distribution also varies 
with the type of tissue. For instance, due to the higher content of hydrogen, adipose 
tissue absorbs more energy than other tissues. At higher neutron energies, nuclear 
reactions in carbon become more important. Late neurological complications from 
neutron treatments could be caused by the high adipose content in neurological tissue.  

Measurement of absorbed dose in the medium requires use of a dosimeter, e.g., an 
ionization chamber, and a factor to convert the measured absorbed dose in the 
dosimeter to absorbed dose in the medium.  The Bragg-Gray principle commonly used 
to derive the correction factor is based on the assumption that charged particles 
produced in the wall material of an ionization chamber loose a negligible fraction of 
their energy in traversing the gas cavity. Due to the short ranges of the heavy charged 
particles, dosimeters which fulfil the Bragg-Gray conditions are difficult to find. 
Therefore, dosimeters in which CPE prevails in the sensitive detector volume offer a 
solution. Fano’s theorem (Alm Carlsson 1985) is then utilized which claims that CPE 
can be established in media of varying density provided the isotopic composition is the 
same. In Paper III, the use of Fano’s theorem in treatment planning systems is 
discussed. 

Because of the strong dependence of the energy spectrum of the charged particle 
fluence on material, proper choice of wall materials is crucial in avoiding interface 
effects and fulfilling the conditions for Fano´s theorem. Otherwise, the signal from the 
detector will depend on its size. It is also important that the composition of the 
detector is as tissue equivalent as possible so as to minimize uncertainties in the 
necessary conversions (quotient of kerma coefficients for tissue and dosimeter 
material). For every measurement of RBE relative to photons, as discussed in section 
8.2.2, accurate measurement of absorbed dose is crucial. The recommended method to 
measure absorbed dose in fast-neutron fields is described by ICRU Protocol 45 (ICRU 
1989) and is briefly described here.  

For practical reasons the preferred method of measuring absorbed dose is to use 
ionization chambers. This is accomplished by selecting a detector that is as 



Dosimetry and radiation quality in neutron therapy 

 30 

homogeneous in material composition as possible. The material in the wall, gas and 
electrode should preferably be as tissue equivalent as possible. As phantom material, 
water has been shown to be suitable. It is both practical and its somewhat too low 
density relative to soft-tissues having a density around 1.03-1.07 g/cm3 seems to be 
compensated for by its higher hydrogen content, see Table 4. The use of water as a 
phantom material is discussed in Paper II. As phantom container, an open-top 
container with dimensions 30x30x30 cm3 is used. The absorbed dose is calculated from 
(ICRU 1989): 
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In this Wn is the energy spent on average to form an ion-pair and is a mean value 
calculated for all the different charged particles released in neutron interactions in the 
gas material used. (rm,g)n is the gas-to-wall absorbed dose conversion factor. If the 
materials are the same and the density correction can be neglected this ratio is unity. 
The neutron field is disturbed by the replacement of the phantom material by the 

chamber. dT is called the displacement factor and corrects for this. Finally δ corrects 
for the difference in response of the chamber to photons and neutrons. 

In order to estimate the radiation quality on the basis of microdosimetric 
distributions low pressure proportional counters made of A-150 plastic (TEPC) are 
used  (Shrewe et al 1997). However, the interpretation may be influenced by the fact 
that the mass composition of A-150 plastic is different from that of body tissues. 

8.1 Non-stochastic quantities 

The biological effects of radiation depend on absorbed dose and beam quality. 
Dosimetric quantities (ICRU 1998), which are devised to provide physical measures to 
correlate with actual or potential effects, are essentially products of radiometric 
quantities and interaction coefficients. Mainly, two quantities (kerma and absorbed 
dose) are used: these do however (for neutron irradiation) not correlate well with the 
biological effects observed. To describe these, other concepts and quantities have been 
developed. This will be discussed in section 8.2. 

The absorbed dose, the basic quantity in radiation dosimetry, is defined as the mean 
energy imparted, ε , to the matter in a given volume of mass m when m approaches 
zero. Here, ε  equals the expectation value of the radiant energy, Rin, of all charged and 
uncharged ionizing particles which enter the volume minus the radiant energy, Rout, of 

all the charged and uncharged particles which leave it, plus the sum, ΣQ, of all changes 
in the rest energies of nuclei and elementary particles which occur in the volume. If the 
distribution of the charged particle fluence with respect to energy is constant within 
distances equal to the maximum charged particle range, charged particle equilibrium 
(CPE) prevails and kerma can be used to approximate the absorbed dose. This is often 
referred to as the kerma approximation. To decide the degree of CPE achievable, the 

relation between the mean free path, λ, of the uncharged particles and the maximum 
range, Rmax, of the charged particles released is important. For neutrons, CPE can be 
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assumed to prevail up to about 20 MeV, at which energy the quotient Rmax/λ in water 

is 0.038, comparable to that of 60Co γ-rays (1.25 MeV) for which Rmax/λ is 0.031. At 
higher energies, CPE cannot be assumed, limiting the usefulness of the kerma concept 
in deriving absorbed doses. When the kerma approximation cannot be used, as e.g. in 
the build-up region at all neutron energies, the energy spectra of the charged particles 
released and their transport is needed to calculate absorbed dose. 

Kerma, K, is the sum of the initial kinetic energies of all the charged particles 
liberated by uncharged particles per unit mass at a given point in the medium. Given 

the fluence Φ, of uncharged particles of energy E, the kerma K in a specified material is 

given by, ρ

µ
Φ= trEK , where µtr/ρ is the mass energy transfer coefficient. The kerma 

per unit fluence, K/Φ, is termed the kerma coefficient and is often denoted by kf. Thus 

K=kfΦ.  
The concept of absorbed dose has been defined assuming that physical, chemical 

and biological effects are related to the energy transferred from ionizing radiations to 
the electronic structure of the medium. Energy transfers in which energy is converted 
to mass energy of atomic nuclei and/or elementary particles are excluded from the 

energy imparted to the matter in a volume (cf ΣQ in the definition of the energy 
imparted). The energy imparted alone does, however, not uniquely determine the 
effects of radiation, which are also determined by the spatial and temporal distributions 
of individual energy transfers (ionizations and excitations), which together make up the 
energy imparted. These distributions vary significantly for different types of charged 
particles. This topic will be discussed in the following section.   

8.2 Radiation quality and RBE 

According to Menzel et al (1990), the radiation quality dilemma in fast-neutron therapy 
has three distinct aspects: i) the RBE of neutrons compared with that of photons, ii) 
the differences of RBE among neutron beams of different energies used at different 
therapy centres and iii) variations in radiation quality with respect to different 
irradiation conditions. 

Early on, the first of these was the aspect of main concern since, compared to 
photon beams, neutron therapy beams have high RBE values, in the range 1.5-5, due 
to the fraction of absorbed dose delivered by heavy charged particles. The fraction of 
the absorbed dose due to photons is discussed in Paper II. 

The second aspect makes comparison of clinical results and exchange of treatment 
protocol problematic and hence, as mentioned earlier Gueulette et al (1996) performed 
measurements of RBE at neutron therapy centres worldwide. 

The third aspect was also recognized early on but, due to the high photon absorbed 
dose fraction in the beams used (Ēn below 10 MeV), was ignored, so that, except for 
taking into account the variations in the photon-dose fraction it was considered 
acceptable to ignore the variation of radiation quality in the body. Today however, 
taking into account the accuracy requirement for absorbed dose delivery, a total 



Dosimetry and radiation quality in neutron therapy 

 32 

inaccuracy in both radiation quality and absorbed dose of not more than 3.5-5% is 
acceptable (ICRU 1976, Mijnheer et al 1987, Menzel et al 1994).  

Since neutrons deposit energy through secondary charged particles whose 
distributions strongly depend on the types and thresholds of nuclear reactions, 
biological properties of neutron beams are directly correlated to the secondary 
radiation and only indirectly to the neutron energy. However, as is discussed in Paper 
IV, information on the spectra of secondary charged particles is not readily accessible 
especially for high-energy neutron beams.  

8.2.1 LET and radiation quality 

Before going further, a short reflection on the concept “radiation quality” is 
appropriate. From a physical point of view radiation quality can be seen as “those 
features of the spatial distribution of energy transfers – along and within the tracks of 
particles – that influences the effectiveness of an irradiation in producing change” 
(ICRU 1970). It should perhaps be emphasized that total energy transfer, absorbed 
dose, absorbed dose rate and absorbed dose fractionation are considered constant. 
Directly ionizing radiations transfer energy to matter by collision processes involving 
both ionization and excitation. The ratio of excitation to ionization energy losses and 
the relative frequencies of ionization clusters of different size are considered to be 
roughly independent of the nature and energy of the primary particle. For this reason 
the factors relevant to radiation quality are the distances between primary collisions of 

neutrons with nuclei and the frequencies of energetic δ-particles along the tracks of 
primary particles (Barendsen 1967).  

Early on (1950-1960) radiation quality was thoroughly investigated and described 
using the concept of LET (ICRU 1970). LET has its origins in work done by both Lea 
and Gray in the late 40’s and was further developed by Cormack and Johns in the early 
50’s. It was however Zirkle et al (1952) who were the first to introduce the concept of 
linear energy transfer, LET. Later, in the early 60’s, Rossi introduced the 
microdosimetrical concepts, specific energy, z , and lineal energy, y . These concepts 

have the benefits of being able to differentiate between particles having the same LET 
and, being strictly defined for a certain site size, also have the benefit of being 
measurable. 

Three (possibly important) features are disregarded by the concept of LET i) the 
curvature of the track at the track ends, ii) the lateral extensions of particle tracks due 
to the finite range of the delta rays and iii) statistical fluctuations in energy loss along 
the particle tracks (energy-loss straggling). However, the LET concept is convenient in 
many circumstances and there are good reasons for believing that LET can still be used 
as a tool to derive quantities that estimate RBE. For heavy charged particles of 
intermediate energy the above mentioned drawbacks of LET pointed out above are 

modest. Since the range of the δ-particles released are short (<< site size) and the 

fluctuations in energy loss of the particles traversing a site of up to 1 µm can be 
considered small (except, possibly, for protons which from a radiation quality point of 
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view are considered as low-LET radiation). Therefore, the use of LET to describe 

energy losses in site of sizes up to 1-2 µm is relevant for heavy charged particles, 
justifying the use of L-distributions in Paper IV. Nevertheless, I would like to stress 
that the main drawback of the LET concept is probably that it does not take into 

account the ranges of the δ-particles released. Hence, primary particles of different 
masses can have the same LET while at the same time, there are large differences in 

the ranges of δ-particles. This is due to the large difference in velocity of particles 
having the same LET. Since the lateral distribution of imparted energy is believed to 
influence radiation quality, this is potentially a major weakness when using LET to 
describe radiation quality. 

8.2.2 Some radiobiological observations 

From a physical point of view the biological effect of ionizing radiation is influenced 
by absorbed dose, absorbed dose rate, and radiation quality. However, the changes that 
occur in an irradiated cell depend partially on radiation effects on the cell itself and 
partially on the fact that it is affected by changes in surrounding cells (or media). This 
is called the “bystander effect”. This latter mechanism is mainly valid for complex 
organisms that are regulated by interventions between different cells and tissues. There 
are however biological systems in which cells are relatively independent of one another, 
e.g., bacteria and yeast cells. 

An enhanced effectiveness of x-rays with increasing dose implies that at least part of 
the cell killing is due to accumulating damage. One can therefore deduce that sub-
effective or sub-lethal damage is produced at low doses that contribute to lethality only 
if a subsequent dose is administrated. For high-LET radiation complete absence of 
sub-lethal damage has been demonstrated. This might, however, not be entirely true. 
As discussed by Hawkins (1998) the number of double strand breaks (DSB) does not 
increase with increasing LET. While RBE increases with LET, this suggests that the 
ability to repair DSB decreases with increasing LET. Recent research indicates that the 
nature of DSBs depends on the LET, such that higher-LET particles cause more 
severe fragmentations (Goodhead 1999). The absorbed dose-rate effect demonstrated 
for low-LET radiation, which depends on the availability of repairable sub-lethal 
damage, is thus absent for high-LET radiation. 

RBE and LET 
Many studies of RBE as a function of LET have been performed over the years (for a 
list of, see for instance ICRU 1970). At least for complex cell lines, in all of them a 
maximum at which the effectiveness of the radiation is most successful in inducing cell 
death for a given absorbed dose is observed. Many quantities in radiation physics 
which are not easily measured directly are commonly derived from other quantities 
which are easier to measure and which require only small corrections. It may therefore 
be unexpected that the quantity used when comparing biological effects is absorbed dose. 
However, since it is the relative biological effect that is of most concern, the use of a 
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pragmatic and relatively easily measurable quantity such as absorbed dose is justified 
and indeed preferable. RBE is defined as: 

n

ref

D

D
RBE ≡    (6) 

Here, Dref is the absorbed dose of a reference radiation, normally 60Co or 250 kV X-
rays, having the same effect as the absorbed dose Dn which is the absorbed dose of the 
radiation under study, here given the suitable index n as in neutrons. So why is a 
maximum in the RBE-LET curves observed? An explanation can be given using a 
slightly revised form of the target theory. In this, one considers a “target” as being a 
structure or volume where a “hit” (ionization) causes damage which leads to the effect 
under study. In real circumstances, most of these damages are likely to be repaired. For 
low-LET radiation, the ionization density is low and no target is likely to be hit more 
than once. Hence, the RBE is constant, which implies that the effect is proportional to 
the absorbed dose. When the LET increases, the severeness of the effects induced by 
the “hits” makes repair less likely and hence the RBE increases. However, as the LET 
increases the cell will receive more energy than required to kill it which will lead to a 
decrease in the observed RBE (more energy being used for the same effect, i.e. cell 
death). 

Oxygen enhancement ratio - OER 
One of the stated benefits of neutron therapy is the less enhanced OER effect, which 
makes the use of a neutron boost at the beginning of a treatment series profitable. This 
is the case for poorly oxygenated large tumours where a neutron boost could help to 
decrease the size of the bulk tumour, making it more aerobic and therefore more 
sensitive to conventional radiation treatment. The oxygenation-concentration is 
probably the single most effective biological factor affecting radiation sensitivity. The 
reasons for the marked effect on radiation sensitivity caused by the oxygen 
concentration for low-LET radiation are due to an increased production of radicals at 
each energy deposition and a reduced ability to repair single strand breaks, which cause 
an increased appearance of double strand breaks. For high-LET radiation the increase 
in radicals due to the presence of oxygen is not essential for the effect on the cell. 
Furthermore, the effects induced by the radiation make the likelihood of repair less 
probable than for low-LET radiation.   

8.2.3 Microdosimetry and RBE 

Microdosimetric measurements have developed into a useful tool for characterizing 
radiation beams in radiotherapy and attempts have been made to find a correlation 
between measured microdosimetric parameters and clinical RBE (Pihet et al 1990, 
Menzel et al 1994, Loncol et al 1994). The effects of ionizing radiation are mainly 
genotoxic. Two fundamental effects influencing the genetic information in the cell are 
genome mutation and chromosome aberrations. Therefore, energy depositions in 
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regions of micrometer and nanometer dimensions, corresponding to the dimensions of 
cell nuclei and the DNA double helix respectively, are of interest. In microdosimetry, 
the stochastics of energy deposition events in tissue volumes of nano- to micrometer 
dimensions are studied. Measurements (or calculations) of microdosimetric spectra 
offer a description of the stochastics of the energy depositions of the secondary 
radiation components (charged particles) and could potentially provide information on 
radiation quality. However, the spectra themselves do not offer an immediate way to 
specify radiation quality. 

Lineal energy, y  

Lineal energy, y , the stochastic analogue of LET, is a microdosimetrical quantity that 

describes the fluctuations in imparted energy caused (by the traversal of statistically-
related particles) per mean chord length in a cavity of selected size (ICRU 1998). As 
mentioned earlier, the advantage of the lineal energy concept is that it takes into 

account fluctuations in contributions from δ-particles, which depend on the velocity of 
the primary particles and the size of the cavity of concern. 

Unrestricted LET, ∞L , which is a mean value, and lineal energy, y , which 

represents an actual energy deposition, are closely related, and as described above, their 
difference can be largely disregarded for high-LET radiations. For low-LET radiations, 
the two concepts differ considerably and y  can have both smaller and higher values 

than LET (ICRP 2003). While mean lineal energy has the same dimension as LET, 
ICRU (ICRU 1986) prefers the use of the lineal energy in a sphere of ICRU tissue (1 

µm in diameter) to specify radiation quality. 

Dose mean lineal energy, Dy and dose mean specific energy, Dz  

When an effect is proportional to the mean number of events (event= the energy 
imparted to the site by an ionizing particle and its statistically correlated particles) in a 
volume, the effect will be proportional to the absorbed dose and so this concept can 
be used. However, when the spatial distributions of ionisations and excitations are 
important, microdosimetric analysis is necessary. One model used to describe the 
effect is the “site model” (Rossi and Zaider 1996). When the number of sub-lesions is 

proportional to specific energy, z , the expectation value for the number of lesions, ε, 
is given by Equation 7 (ICRU 1983). 

2)( Kzz =ε    (7) 

Here, the specific energy z  is the quotient of the energy imparted to the site divided 
by the mass of the site (ICRU 1998). The statement that the number of lesions per 
event increases proportionally to the square of z  has been justified for tracks of heavy 
ions of intermediate LET (Tilikidis 1991). It should be noted that a more modern 
version of the site model in dual action theory is based on proximity functions 
(Kellerer 1985) in order to cope with the effects of sub-lethal lesions caused at more 
distant sites. It is important to note that K includes the probabilities of combination of 
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sub-lesions and formation of lesions and varies for different particles (and energies) 
and end-points. As shown in (ICRU 1983), Equation 7 can be transformed into: 

DDzKD D )()( +=ε   (8) 

here Dz  is the single-event dose mean specific energy. If, for different radiation 

qualities, one assumes that the same number of lesions results in the same biological 
effect then RBE can be calculated as: 
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When the absorbed dose is low and KX/Kref∼1 can be assumed (which is 
approximately true for small targets sizes (<50 nm)) and since lineal energy is 
proportional to the specific energy (for single-events) the RBE can be given as: 
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RBE
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,=   (10) 

Since, refDy ,  is constant for a selected system, one can conclude that RBE is 

proportional to XDy , . An interesting observation is that, for neutrons, Dy  is more or 

less constant over a wide site-size interval (50 nm – 10 µm), see, e.g., Lillhök et al 
(2007). This would mean that Dy  values decided for almost any site size would be a 

reasonable estimate of the change in RBE in a fast-neutron beam. Hence, there is some 
justification for the use of Dy  as a measure of RBE in Paper IV. It has, however, been 

shown (Kraft 1997), and discussed above, that above a certain y  (or LET) RBE 

decreases as y  (or LET) increases. 

Saturation corrected dose mean lineal energy, *y  

When the energy concentration in the target is high, RBE decreases. This is called 

saturation effect and saturation corrected dose mean values of lineal energy, *y , as 

given by Equation 11 can be used instead (Rossi and Zaider 1996). 
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0y  is normally set to 125 keV/µm. This quantity takes into account that the 

biological effectiveness varies with the y-value. Starting with a slightly-modified version 
of Equation 7 in which the number of sub-lesions is instead given by 
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−−=ε , Equation 11 can be derived. Phenomenologically, the 

calculation of *y  illustrates the general solution of the problem, i.e. a reasonably good 
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correlation is found between *y  and RBE as a function of neutron energy for some 

biological endpoints (Pihet et al 1988). However, the accuracy achievable in specifying 

radiation quality using *y  for neutron therapy is rather low, i.e. the ratio of *y  values 

for two different neutron beams may deviate distinctly from their RBE ratio. A 
practical solution to this is to make a further empirical correction as done by Loncol et 
al (1994) and Pihet et al (1990). 

Biological weighting function )( yr  

A practical solution to the problem of specifying the radiation quality in a fast-neutron 
beam is to weigh a measured y -spectrum with a biological weighting function. Using 

information about RBE and y -spectra at various neutron therapy facilities around the 

world Loncol et al (1994) and Pihet et al (1990) used unfolding techniques to derive a 
weighting function )( yr  that can be used to derive values of the RBE related quantity 

R for any given neutron beam whose y -spectrum is known. R is given by: 

∫= dyydyrR )()(   (12)  

In Paper IV, values of, Dy , *y and R are derived and used as a measure of the 

variation of RBE as a function of neutron energy (spectrum) and position in a 
phantom. 

8.3 Experiences using MCNPX to derive Dy  

When starting to work on the tasks set out for what came to be Paper IV, the Monte 
Carlo code chosen as the best candidate was MCNPX (Pelowitz et al 2005, Waters et al 
2006). As the study progressed it turned out, however, that the code (and no code at 
the time 2001-2004) could not cope with the research question at hand. This was not 
realized until later. A lot of work was put into trying to solve the problem anyway, 
rather in the spirit of making all problems fit the methods at hand (see Section 5). In 
the following the problems and solutions “discovered” during the course of the work 
are given, since they did not get in to Paper IV. 

Using a combination of methods, and various sources of information, dose mean 
lineal energies, Dy (see section 8.2.3), were derived for fast-neutron, external-beam 

therapy beams with the intention to use this quantity as a measure of the variation of 
RBE in the irradiated body. From the beginning, complete knowledge of the 
microdosimetrical y -spectrum (including all charged particles released by neutrons and 

photons) was the objective of the work since, from this information, several 
microdosimetrical quantities, such as those derived in Paper IV, could be derived. 
However, due to several limitations discussed below a situation was reached in which 
only Dy  could be derived and with limited confidence. After some work with the 

MCNPX code, it turned out that the code could only provide information about the 
transport of charged particles released by neutrons with energies above 20 MeV and, in 
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addition, that this transport excluded charged particles heavier than α-particles . Thus, 

recoil ions and fragments heavier than α-particles are not tracked. This made a 
complete description of the y -spectra impossible. Therefore, a polynomial fit to 

measured Dy  values, found in the literature for 1 and 2 µm cavities, (Nunomiya et al 

2002, Rodgers et al 1981, Nguyen et al 1980, Menzel et al 1981 and Kyllönen et al 2001) 
at several neutron energies was used to estimate the total Dy . This information was 

then used to extract Dy -values for the heavy recoils released by neutrons above 20 

MeV energy. For neutrons with energies below 20 MeV, however, only the total 

Dy could be derived.   

Some details which will not be discussed below are given here: the phantom used 
was a 60x60x60 cm3 water phantom using 2x2x2 cm3 scoring volumes and a circular 
field size having radius 5.6 cm, see Figure 6. The energy spectrum of incident neutrons 
was the p(65)+Be neutron beam at the former neutron therapy facility of Louvain la 
Neuve. Figure 7 shows the Louvain la Neuve spectrum of neutrons at various depths 
in a A-150 phantom. 

 

Figure 6. Description of the geometrical setup: The scoring volumes, 2x2x2 cm3, at the 
positions (depth, radii): (5,0), (5,10) and (25,0) cm are indicated by the small boxes. The 
beam is circular (as indicated) with radius 5.6 cm. 

60 cm 

60 cm 

60 cm 

(25, 0) 

(5, 0) (5, 10) 
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Figure 7. Neutron energy distributions at three different positions inside the A-150 
phantom. The positions (5,0), (5,10) and (25,0) are indicated in Figure 6. 

8.3.1 The Monte Carlo code  

The Monte Carlo calculations were performed using MCNPX 2.5.e 
(http://lanl.mcnpx.gov/, Pelowitz et al 2005, Waters et al 2006). This is a multipurpose 
code, which provides an almost complete description of the transport of particles 
relevant in fast-neutron dosimetry. Not only recoil protons are transported, but also 
deuterons, tritons and He-ions (and other high-energy particles not relevant to this 
study). The code is well established and has been widely used in studies of cascades 
induced by high-energy particles. However for our task, it would have been desirable 

also to calculate the spectra of released recoil ions and fragments heavier than α. This 
is not possible using the MCNPX 2.5.e code but is a planned feature in a future release 
of the code. 

8.3.2 Absorbed dose 

Due to the limitations in the MCNPX code, the analysis of the contributions to the 
absorbed dose in a neutron beam was limited to the contributions given in Equation 
13: 

.. pchNtot DDDD ++= ν   (13) 

Here, Dc.p., is the contribution to the absorbed dose from protons, deuterons, 

tritons, 3He and α-particles released by neutrons having energies above 20 MeV; DN is 
the contribution from all charged particles released by neutrons below 20 MeV and 

heavy recoils released by neutrons above 20 MeV energy; Dγ is the contribution from 
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photons released in the neutron interactions and in secondary processes. This mixing 
of energy intervals and particles transported by the code at different energies makes the 
analysis of the radiation quality cumbersome.  

The photon absorbed doses, Dhν, calculated by MCNPX are from secondary 
electrons released by neutron-induced photons and photons generated by electrons. 
Photons generated by heavier charged particles and in the treatment unit head are not 
included.  

The absorbed dose contributions from electrons and the transported protons, 

deuterons, tritons, 3He and α-particles were calculated by scoring the energy-
differential fluence and multiply with the corresponding mass stopping-powers. A 
specific problem was the absorbed dose from track-ends. When comparing the 
absorbed dose using the absorbed dose tallies provided by MCNPX with the absorbed 
dose derived using the fluence times stopping-power, large discrepancies were noted. 
This led to the conclusion that track-ends had to be dealt with separately. In this case, 
when the particle energies are below the transport cut-off energy, Ecut, Equation 14 
gives the absorbed dose from the charged particles including track-ends. 

∆N+dE
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In this study, the track-ends contributed about 8-10% of the total absorbed dose. 

This is due to the rather high transport energy cut-offs (∆=Ecut) which had to be used: 
for electrons 1 keV, protons 1 MeV, deuterons 2 MeV, tritons 3 MeV, 3He 3 MeV and 

α-particles 4 MeV.  

8.3.3 Neutron Dy -component  

Since the spectrum of charged particles released in reactions with neutrons having 
energies below 20 MeV was impossible, a more direct method was used to establish 
the Dy  component arising from these neutrons. The Dy  data shown in Figure 8 are 

based on Dy  values given in the literature Nunomiya et al (2002), Rodgers et al (1981), 

Nguyen et al (1980), Menzel et al (1981) and Kyllönen et al (2001) and include data for 

both 1 µm and 2 µm cavity sizes. In order to determine the Dy  component for a 

calculated neutron spectrum a polynomial was fitted to the data (the solid-line in 
Figure 8). From this the Dy  component was calculated as given by Equation 16. 
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Here, Ed E ∆  is the absorbed dose fraction from particles with energies in the  

energy interval [E, E+∆E] , EE ∆Φ  is the fluence of neutrons in the energy interval, 

[E, E+∆E], fk  is the kerma factor and )( nD Ey  is obtained from the fitted polynomial, 

see Equation 17, and Figure 8. 

 

Figure 8. Dy  as a function of neutron energy. The Dy  values were taken from 

Nunomiya et al (2002), Rodgers et al (1981), Nguyen et al (1980), Menzel et al (1981) and 
Kyllönen et al (2001). The solid line is a polynomial-fit to the data, see Eq 15. 

The polynomial in Figure 8 is given by Equation 17: 
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a0 75.2056 a6 -44.5211 
a1 -15.4569 a7 -20.0791 
a2 -59.9150 a8 12.4263 
a3 21.7051 a9 2.9640 
a4 79.6339 a10 -1.3097 
a5 27.7547  

 
where En is the neutron energy. The polynomial is applicable in the neutron energy 
range 0.01-90 MeV. The dip in the Dy -curve at 4 MeV in Figure 8 is caused by the 

decrease in LET of the released protons. Simultaneously, at these low neutron 
energies, the energies of heavier particles released are too low and their ranges too 
short to increase the Dy  value. These latter particles contribute to the increase in Dy  at 

higher neutron energies. Equations 16 and 17 were also used to calculate the total value 
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of Dy  for the neutron beam for comparison with the more detailed approach used 

later in Paper IV. 
From Figure 8, it is clear that slow and thermal neutrons do not contribute much to 

the total value of Dy  especially since the kerma factor increases more or less 

monotonically with neutron energy. 

8.3.4 Photon Dy -component  

The neutron beam has a maximum energy of 62.6 MeV and results in a maximum 
recoil proton energy of 62.6 MeV. The lineal energy corresponding to such energetic 

protons in water is 1 keV/µm. This essentially means that the contributions to the y -

spectra below 1 keV/µm are from electrons. Thus, the fraction of the total absorbed 

dose given by photons was assigned an Dy -value of 0.5 keV/µm, approximating the 

mean value of y  from 0 up to 1 keV/µm. This is probably an underestimate of the 

true Dy  value. For comparison, Grindborg and Olko (1997) measured a Dy  value of 

5.2 keV/µm for the photons in a 60Co gamma beam.  

8.3.5 Charged particle Dy -component 

In order to determine the contribution to Dy  from the charged particle component 

.. pcD (Equation 13), four steps were carried out. i) The energy-differential fluence, ΦE, 

was scored and the fluence below Ecut established. ii) From the energy differential 

particle fluence ΦE the LET-differential particle fluence ΦL, was determined for each 
particle type in order to be able to iii) calculate L-distributions which made it possible 
to iv) establish y -distributions and finally, the Dy -values of the transported charged 

particles. This is the same approach as that used in Paper IV to establish L- and y -

distributions involving an approximation to derive the y -spectra (see Equation 21). 

i) Particle differential fluence, ΦE 
To yield information about the energy-differential particle fluence below the cut-off 
energy the CSDA approximation was used. Particles are then assumed to lose their 
energy continuously; as described in Equation 18. 

dx

EdE
nE VE )'(

1
)'( =Φ    (18) 

Here, Vn  is the number of particles per unit volume at energy Ecut. A more useful 

form of Equation 18 is given in Equation 19, which was the form used in the 
numerical calculations. 
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Here, ∆ is the cut-off energy. 

ii) Particle differential fluence, ΦL 
In order to establish the L-spectra of the charged particles the differential fluence per 
LET interval must be established. Starting from Equation 20: 

∫∫
∞∞

Φ=Φ
00

dLdE LE    (20) 

where E is the particle energy and L is the LET of particles with energy E. Using 
variable substitution this can be rearranged into Equation 21. 
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iii) L-spectra 
The sum of all particle fluences having the same value of L was added to give the total 

value of the L-differential fluence ΦL. Having calculated this, the L-distribution is 
known. An example is shown in Figure 9. 

iv) y -spectra 

The y -spectra were finally determined using the approximation given in ICRU (1983). 

In this approximation, it is assumed that the energy imparted to the site is given by the 
chord length travelled by the particle multiplied by the LET, i.e. the range of the 

particle is assumed to be much longer than the site diameter and the δ-particles are 
considered to be absorbed locally. Then, the frequency function, ( )yf , of the lineal 

energy is given by: 
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For each L interval in the calculated L-spectra the contribution to the y -spectra 

was calculated using Equation 22 (see Figure 9). 
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Figure 9. Example of derived L2ΦL and ( )yyd  spectra. The L2ΦL spectrum is the 

solid-line and the dash-dotted line is the ( )yyd  spectrum. It should be noted that this 

only includes the charged particles transported by MCNPX, i.e., those released by 
neutrons >20 MeV. 

8.3.6 The Dy -component from heavy recoils 

That fraction of the absorbed dose not given by the above particles (section 8.3.3 to 

8.3.5) is mainly due to recoils – heavier than α-particles – released in the neutron 
reactions. Since these particles are not tracked in the MCNPX code, the absorbed dose 
contribution from heavy recoils released by neutrons with energies above 20 MeV was 
calculated using Equation 23. 

..20 pcMeVntotrecoils DDDD −−= <    (23) 

Dtot was given by the +F6 tally in MCNPX, which gives the total absorbed dose for 
all particles tracked. Dc.p. was calculated using Equations 14 and 15 and summed for the 
particles involved and finally the neutron dose Dn,E<20MeV was calculated using. 

∫ Φ< Φ
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EMeVEn dEEkED
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By calculating the Dy  using Equations 16 and 17 for the entire neutron spectrum an 

approximation of the Dy  for the recoils released by neutron with energies above 20 

MeV was estimated to be 275 keV/µm (see Table 5). 
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8.3.7 Estimation of  total Dy  

A compilation of the calculated Dy components and the corresponding absorbed dose 

fractions are given in Table 5.  

Table 5. Calculated Dy  values and absorbed dose fractions for photon, neutrons 

(below 20 MeV), charged particles released by neutrons having an energy above 20 MeV 
and the recoils (which also constitutes the remainder). The positions (5,0), (5,10) and 
(25,0) are shown in Figure 6. 

Position Photons Neutrons < 20 MeV Charged particles Recoils   

Depth 

(radius) 

yD,hν 

[keV/µm] 

dose 

fraction 

[%] 

yD,n 

[keV/µm] 

dose fraction 

[%] 

yD,c.p. 

[keV/µm] 

dose 

fraction 

[%] 

yD,rec 
2)
 

[keV/µm] 

Dose 

fraction 

[%] 

yD 
1) 

[keV/µm] 

yD 
2) 

[keV/µm] 

5(0) 0.5 1.4% 65.6 33.2% 19.9 48.3% 275 17.0% 77.9 78.2 

5(10) 0.5 18.5% 66.6 46.2% 24.2 22.7% 275 12.6% 68.1 71.1 

25(0) 0.5 2.2% 62.3 23.0% 19.2 56.4% 275 18.5% 80.2 75.9 

1) yD calculated using Eqs 15 and 16 applied on the total neutron spectra (0-62.6 MeV).  

2) yD calculated as the sum of the particles listed in the table, yD,rec was estimated using yD 1). 

 
The method used thus relied on secondary information in order to determine the 

dose mean lineal energy and the contributing parts in as detailed a fashion as possible.  
The derived Dy  values are within ± 30% of Dy  values reported from measurements at 

Lovain la Neuve in the literature (Pihet et al 1998, Lillhök et al 2007, Paper IV). It 
should be noted, however, that photons from the target were not considered in the 
calculations, which, if taken into account, should contribute to decrease the calculated 
values. On the other hand, the Dy  value chosen for the photon component may have 

been underestimated by a factor of approximately 10.  It is also noted that the data 

from these calculations do not allow derivations of *y  and R as in Paper IV.  
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Figure 10. A comparison of the contributions to Dy  from heavy recoils (white), 

charged particles released by neutrons having energies above 20 MeV (grey), and 
neutrons below 20 MeV (black) at various positions in the phantom. The positions (5,0), 
(5,10) and (25,0) are shown in Figure 6. 
 

The weak point in this approach was the estimation of the Dy  value for heavy 

recoils. The large values of Dy  from these particles dominate the total Dy . As 

discussed in section 8.3.6 and shown in Table 5, compared to the corresponding values 

derived in Paper IV, the Dy -value of 275 keV/µm derived for the heavy recoils is 

rather low. This may be explained by the fact that using MCNPX heavy recoils are 
those released by neutrons having energies above 20 MeV and thus the mean energies 
of the heavy recoils are higher than those in Paper IV. Because of this, the LET-values 
of these particles are lower, which may explain the lower values, derived here. As can 
be seen in Figure 10, it could, however, be shown that the recoils contribute more to 

Dy  as the depth increases. This is probably due to beam hardening – i.e., increased 

mean energy – of the neutron beam. As expected for the scoring volume (5,10) outside 
the beam, the low-energy neutrons contribute a large fraction to the Dy -value. 

Furthermore, as can be seen in Table 5, a large fraction of the total absorbed dose at 
this point is due to photons. 

8.3.8 Summary of  the MCNPX venture 

The method used to determine the total Dy  value can be applied mainly to study the 

variations in contributions of various particles (or dose fractions) to Dy . The main 

drawback is the sensitivity of the total Dy  value to the absorbed dose fraction of the 

recoils. They contribute with the highest Dy  values. Since the method used to 

determine their Dy  value has a feature of “biting one’s tail” makes the estimation of 
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the Dy  value questionable. A great deal of the labour in this study was associated with 

the determination of the y -distribution of the charged particles released by neutrons 

having energies above 20 MeV. The y -distributions of these particles are of interest, 

but, since their y -values are relatively low, their impact on the total Dy  value is 

limited. To round off this section one can say that fortunately, as time passed, codes 

able to transport particles heavier than α-particles appeared and the ideas behind 
choosing the MCNPX code in the first place could be finalized in Paper IV.   

8.4 Absorbed dose distributions and scaling factors 

Neutron and photon depth dose distributions show similar behaviour being 
characterized by the attenuation of the primary uncharged particles and build-up of 
secondary charged particles. This is demonstrated in Figure 11, where the depth dose 
distribution from an 8 MV photon beam is shown together with that from a p(62)+Be 
neutron beam. However, there are differences. With neutrons, depth dose distributions 
are more affected by field size, since neutrons are more readily scattered than photons 
but less into the forward direction thereby also impairing the penumbra properties of 
the beam. For beam energies such that the depth dose distributions on the central axis 
are equivalent, at field sizes of 10x10 cm2, the neutron depth dose distribution gets 
steeper when the field size decreases. 

 
Figure 11. Isodose distributions for 10x10 cm2 fields from p(62)+Be neutrons at 150 
cm SSD (source-skin-distance) and 8 MV X-rays at 100 cm SSD (adopted from ICRU 
1989). 

In Paper II, the absorbed dose distributions from beams of incident neutrons with 
energies up to 80 MeV were analyzed in several ways and compared to results from 
measurements in the literature. Build-up factors B were derived for broad-beam 
conditions and different phantom materials (see Figure 12). They reflect the relation 
between the fluences of secondary neutrons and photons and primary neutrons. The 
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build up factors in water and soft tissue are similar. This explains the constancy of the 
depth scaling factors, SF, between water and soft tissue demonstrated in Paper II. 

 Depth scaling factors are used to convert depth doses in one phantom to depth-
doses in another of different material. This has been studied by Vynckier et al (1985) 
among others. Depth scaling factors are factors that perform a displacement of the 
depth in one phantom to the depth in the other phantom where the depth dose is the 
same. Figure 13 compares depth scaling factors calculated in Paper II and available 
experimental data. The calculations are for mono-energetic neutrons while the 
experimental data are for a neutron energy spectrum. Taking this into account, the 
calculations are in good agreement with experiment.  

An alternative scaling factor was also defined as the quotient between the absorbed 
doses in two phantoms at equal (linear) depth.  Both types of scaling factors indicate 
that water is a good substitute for soft tissue and adequate as reference material in 
phantoms used for clinical measurements.  

The initial dose build-up and penumbra at the beam edges due to the ranges of the 
charged particles released were also studied. The dose build-up at the phantom surface 
is clearly seen in Figure 14.  A Monte Carlo code that transports the secondary charged 
particles is obviously needed. 
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Figure 12. The absorbed dose build up factors, B, for PMMA (o), ICRU soft tissue (x), 
water (+) and A-150 (•) as a functions of neutron energy at a depth of one mean free 

path, λ. The statistical error is less than 1% (1 SD). From Paper II. 
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Figure 13. Calculated depth scaling factors for PMMA to water (this work). SF (×), SFB 
(♦), SF# for 10x10 cm2 field size (�) and SF-“lambda” (o). Measured scaling factors for 
d(14)+Be “Essen”, d(50)+Be Louvain la Neuve and p(65)+Be Louvain la Neuve, taken 
from Vynckier et al (1985), are shown as horizontal lines ending at the maximum energy 
of the neutron beams. The error bars indicate one standard deviation corresponding to 
values of the scaling factor at three depths (10, 15, 20 cm). From Paper II. 
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Figure 14. Absorbed dose normalized to the incident fluence of neutrons in ICRU soft 
tissue on the central axis of a broad beam for mono-energetic neutrons (20, 40 and 60 
MeV). The absorbed dose build-up, mainly due to secondary protons, illustrates the 
necessity of using a Monte Carlo code allowing for transport of secondary charged 
particles. The steepest part of the dose build-up corresponds to the range of the most 
energetic protons released by the neutrons, 4.3, 15 and 52 mm, respectively. From Paper 
II. 
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The penumbra width (defined as the distance between the 90-10% iso-dose levels) is 
not only influenced by the ranges of secondary charged particles but is also to large 
extent determined by the dose contribution from photons created during scattering 
and thermalization of neutrons in the phantom. As a result, the penumbra width 
appears to have a minimum at neutron energies of about 10-30 MeV (see Figure 15). 
The photon dose outside the penumbra region contributing to the energy imparted to 
the phantom, however, decreases with increasing neutron energy.  
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Figure 15. Lateral dose distributions at 5 cm depth in water integrated from pencil-
beam data at a field size of 10x10 cm2 for neutrons of energies: 10, 40 and 80 MeV as 
indicated. The dose distributions are normalized on the central axis of the 10x10 cm2 
field. From Paper II. 

That the penumbra in Figure 15 is smaller than values reported from measurements 
in clinical beams is caused by the finite size of the neutron source, not modelled in 
Paper II. The penumbra seen in Figure 15 represents the minimum penumbra 
achievable in any physical beam. 

8.5 Mixed field problem 

In clinical neutron beams, photons originating from the neutron-producing target and 
from the primary shielding and field-limiting system may reach the patient. Photons are 
also created in interactions in the patient or phantom being irradiated (ICRU 1977, 
Bewley 1989). Because of the differences in relative biological effectiveness of neutrons 
and photons (which may depend on the specific biological endpoint), it is necessary to 
determine separately the neutron-absorbed dose, DN as well as the photon-absorbed 

dose, Dhν, in tissue. Moreover, due to the many reaction channels available when 
neutrons interact, the LET-interval of the particles spans four decades (Kota and 
Maughan 1996, ICRU 1989). Since the responses (the signal per unit absorbed dose in 
the detector) of most radiation detectors are markedly LET-dependent in such broad 
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intervals, this makes measurements in neutron beams difficult. On account of the high 
precision that is readily attained, ionization chambers are the most commonly used 
instruments. But since the concept of effective atomic number is irrelevant for 
neutrons, tissue-equivalent (TE) materials have to approximate, as closely as possible, 
the chemical composition of the tissue in which the absorbed dose is to be measured. 
The high oxygen concentration in soft tissue makes this difficult to achieve.  
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Figure 16. Photon absorbed dose as a fraction of the total absorbed dose in ICRU soft 
tissue on the central axis of a broad beam as a function of depth for different neutron 
energies. From Paper II. 

In practice, a “two-instrument” technique is often used. A common example is to 
use a tissue-equivalent chamber to measure the total absorbed dose, together with a 
neutron-insensitive dosimeter, usually a small Geiger-Müller counter or a non-
hydrogenous ionization-chamber. In Paper II, we studied the absorbed dose due to 
photons generated inside the phantom. As shown there, the photon absorbed dose is 
more or less constant with depth. This is due to the long mean free paths of the 

generated photons, which are, for water, dominated by the 2.2 MeV γ-rays emitted in 
the capture reaction with hydrogen (1H). The absorbed dose fraction due to photons 
depends on neutron energy and depth (see Figure 16). 

8.6 Reference phantom material 

In clinical practice, the proper choice of phantom material and the suitability of water 
as reference material have been matters of concern. In AAPM Report no. 7 (AAPM 
1980), TE-liquid was suggested as the reference phantom material, while the European 
protocol (Broerse et al 1981) uses water. Tissue-equivalent (TE) plastic (AAPM 1980) 
consists of a homogeneous mixture of polyethylene, nylon, carbon and calcium 
fluoride of density 1.12 g/cm3. Because of the large admixture of carbon in the plastic 
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it is not identical in elemental composition to ICRU muscle. Later (Mijnheer et al 
1987), it was suggested that water should be the reference phantom material also for 
the AAPM protocol. In 1989, the ICRU issued a unified protocol (ICRU 1989) with 
water as the reference material. In Paper II, by comparing calculated dose distributions 
in water, A-150, PMMA and the body tissues bone, ICRU soft tissue, muscle and 
adipose tissue, we verify that water is in fact a suitable phantom material in the neutron 
energy range investigated, i.e., 0.5-80 MeV. 

8.7 Treatment planning 

There has been a lack of dedicated treatment planning systems for neutron therapy. 
Because of the similarity of neutron-proton cascades to photon-electron ones, photon 
dose calculation algorithms have frequently been applied to calculate neutron-absorbed 
doses (ICRU 1989). The work in Paper III is of interest in determining the potentials 
and limitations of such algorithms in neutron therapy treatment planning. We have in 
Paper III shown there that the pencil beam based photon dose calculation algorithms 
in the TMS (MDS Nordion) treatment planning system yield good results in calculating 
neutron absorbed doses in homogeneous media.  
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Figure 17. Central axis depth doses in the heterogeneous slab phantom for a circular 
field of radius 5.6 cm. The solid-line with dots shows results calculated using the TMS 
treatment planning system and the solid-line are the Monte Carlo calculated values. The 
letters refer to the materials used at each section of depth: adipose (A), muscle (M), lung 
(L) and bone (B). The + sign indicates the absorbed dose to a small water volume 
embedded in these various materials, using an approximate stopping-power ratio. From 
Paper III. 
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However, when applied to heterogeneous media there are substantial deviations (see 
Figure 17). TMS yields the absorbed dose to water in a small water volume embedded 
in the actual tissue and therefore a straightforward comparison is difficult. To convert 
the absorbed dose in a tissue from the Monte Carlo calculations to absorbed dose in a 
small water element in this tissue, the stopping-power ratio between water and the 
tissue is needed. However, this is not sufficient to explain the deviations observed in 
Figure 17.  

The heterogeneity corrections performed by the treatment planning system use a 
scaling of the pencil-beam kernel according to radiological distances, which, in cases 
when Compton scattering is the dominant interaction for photons, are primarily related 
to the electron-densities. For neutrons, radiological distances are less related to 
electron density since interactions occur with atomic nuclei. Therefore the deviations 
between the Monte Carlo calculated absorbed doses and those calculated by the 
treatment planning system are not unexpected.  

Recently, the joint efforts of several departments have developed a treatment 
planning system called MINERVA (Wemple et al 2005) that includes capabilities to 
combine several modalities, among them external fast-neutron therapy beams. The 
technique used to calculate absorbed doses and fluences in neutron beams is a coupled 
photon-neutron Monte Carlo transport code utilizing continuous cross-section data. 
The transport algorithms are highly optimized so that computation times are down to a 
few minutes per field for neutron applications.



Dosimetry and radiation quality in neutron therapy 

 54 

9 Summary and conclusions 
Uncertainties in neutron cross-section data are high, as much as up to 25% for some of 
the elements required in patient dosimetry. Therefore new measurements of these data 
are important since, to be clinically useful, absorbed doses need to be calculated with 
uncertainties less than 3.5-5% (one standard deviation) (ICRU 1976, Mijnheer et al 
1987).  

When measuring neutron-induced charged-particle energy-distributions, the impact 
of the target (where the charged particles are released) needs to be considered. In 
Paper I, we have developed a stripping technique to correct measured charged particle 
energy-spectra for loss of particles and particle energies in the production target. 
Compared to methods developed by others (Rezentes et al 1995, Slypen et al 1994), our 
method performs well and validates them. The smoothing (rebinning) technique used 
in our method efficiently reduces noise but at the expense of degraded energy 
resolution.  

In clinical practice the choice of suitable phantom material is important and, in 
Paper II we compared depth dose distributions, depth scaling factors and build-up 
factors to investigate the absorbed dose distribution properties of in particular water, 
soft tissue, PMMA and A-150. Comparisons of absorbed dose distributions were made 
using two types of scaling factors. Both methods confirm that, for determining 
absorbed dose distributions in soft tissue, water is a better phantom material than A-
150 and PMMA even at energies as high as 80 MeV. That the dose build-up factors in 
water and in soft tissue are similar and this explains the constancy of the scaling factors 
from water to soft tissue. 

To evaluate possible improvements in physical selectivity, interest has been focused 
on using high-energy neutrons. For high selectivity, the penumbra and photon 
absorbed dose should be as small as possible. The penumbra width (90%–10% isodose 
levels) was found to have a minimum at neutron energies around 10 MeV. At the same 
time, the absorbed dose from photons will decrease with increasing neutron energy, so 
that the energy imparted to the patient (outside the treatment volume) is lower at 
higher neutron energies (Figure 15). Possibly due to the increasing penumbra, there is 
little gain in physical selectivity at neutron energies above 80 MeV.  

Treatment planning in fast-neutron cancer therapy is not a trivial task and is 
commonly performed using dose-calculating algorithms developed for photon beams. 
These algorithms have limitations in the physical models, e.g., in performing 
heterogeneity corrections suitable for neutron beams. In spite of this, we have shown 
in Paper III that the TMS treatment planning system is a good tool for calculating 
neutron absorbed doses in homogeneous media. However, when applied to 
heterogeneous media, there are considerable deviations between the absorbed doses 
obtained with the treatment planning system and absorbed doses calculated directly 
with Monte Carlo methods. In essence, the heterogeneity correction in the photon 
dose calculation algorithm relies on scaling the pencil-beam kernel in proportion to the 
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electron densities in the various media. This is not applicable to neutrons, which 
interact with the atomic nuclei and not with atomic electrons.  

As discussed by Menzel et al (1994) and addressed by Gueulette et al (1996) a 
problem in fast-neutron therapy is the differences in RBE between fast-neutron beams 
at different therapy facilities which make inter-comparisons of clinical results difficult. 
Furthermore, in an irradiated body, the RBE within a neutron beam varies with 
position. These aspects have been studied in Paper IV by using the RBE related 

microdosimetrical quantities, Dy , *y  and R. As a relative measure of the change in 

RBE they all predict similar variations.
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10 Future prospects 
The benefits of fast-neutron therapy currently established are based on clinical results 
that were to some extent achieved using old equipment. Neutron centres today use 
modern techniques and will most probably achieve better results than were possible 
before. However, randomized trials with long follow up periods takes time to perform 
especially when the numbers of patients per year are low. If, in coming years, better 
established benefits of fast-neutron therapy can be demonstrated, a new era of fast-
neutron therapy may begin. Most probably, future centres will involve collaboration 
among many hospitals in order to share costs and increase the number of patients that 
can be treated. 

As for research, some areas that need further attention are; i) Improved techniques 
to identify patients who would potentially benefit from fast-neutron therapy, ii) Further 
progress in the accuracy of neutron dosimetry, in particular continuing to identify 
observables that correlate to effects observed in tissue, iii) Cross-section data which are 
sufficiently accurate to meet the demands of radiotherapy are still lacking, inhibiting 
the use of Monte Carlo techniques in treatment planning, iv) Continued improvements 
in the technical design of the treatment units, e.g., “respiratoric trigging”, improved 
multi-leaf collimator design, better use of portal imaging techniques.  

In coming years a proton therapy facility is under construction in Uppsala, Sweden. 
This offers a convenient opportunity to project a fast-neutron treatment unit, since the 
proton beam at the centre could be used to produce fast-neutrons. Knowledge about 
neutron dosimetry will, due to the production of neutrons by protons/heavy-ions, also 
be important in proton/heavy-ion therapy.
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