
Institutionen för medicin och vård 
Avdelningen för radiofysik 

Hälsouniversitetet 
 
 
 
 
 
 
 
 

Fast Neutron Absorbed Dose  
Distribution Characteristics in  
the Energy Range 10–80 MeV 

 
 
 
 
 

Jonas Söderberg 
 
 
 
 
 
 
 
 
 
 
 

Department of Medicine and Care 
Radio Physics 

Faculty of Health Sciences 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Series:  Report / Institutionen för radiologi, Universitetet i Linköping; 87 
ISRN:  LIU-RAD-R-087 
 
Publishing year: 1998 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© The Author(s) 



1

Report 87  ISRN ULi-RAD-R--87

1998-05-12

FAST NEUTRON ABSORBED DOSE
DISTRIBUTION CHARACTERISTICS
IN THE ENERGY RANGE 10-80 MeV

Jonas Söderberg
Department of Radiation Physics, Linköping University



2

1. INTRODUCTION
The most widely used non-conventional technique for radiation therapy today is fast neutron therapy.
Because the neutrons are uncharged, they do not ionize themselves, but liberate secondary, densely
ionizing charged particles like protons and α-particles by nuclear reactions in the tissue. In a typical
modern neutron therapy facility, a proton beam of about 70 MeV is incident on a thick beryllium
target which gives a penetration of the neutron beam which is similar to that obtained with modern
megavoltage x-ray therapy facilities.

In neutron dosimetry, the measurements are often difficult to assess due to the LET dependence of the
detector response. In a neutron radiation field, the LET spans over 4 decades as seen in figure 1. The
corrections necessary can therefore be large. For this reason, Monte Carlo calculations are a good
complement to measurements and make it possible to evaluate the measurements to a higher degree of
accuracy. Furthermore, in measurements the spatial resolution is determined by the detector size.
Using Monte Carlo, however, it is possible to study high dose gradients as well.

Due to lack of good cross-section data [1], the optimization possibilities and accuracy in fast neutron
therapy are not satisfactory. Therefore, fast neutron therapy cannot compete fairly with other
modalities of radiation therapy. In radiation therapy, the aim is to deliver absorbed doses to the
tumour within 3.5%. At the same time the neutron kerma factors in carbon have an uncertainty of
about 10-15% [1]. Work is now underway in Uppsala [2], at the The Svedberg Laboratory, to get
improved double differential cross-section data for fast neutrons on carbon, nitrogen and oxygen since
these are the most common elements in the body. The accuracy in the hydrogen data is already at an
acceptable level.

In the AAPM report no. 7 [3], TE-liquid is suggested as the reference phantom material while the
European protocol [4] uses water. Later [5], it was suggested that water should be the reference
phantom material also for the AAPM protocol and in 1989 the ICRU issued a unified protocol [6].
Since the objective of absorbed dose measurements is the absorbed dose to tissue, the following
materials are used in this work; water, TE-liquid, standard soft tissue and adipose tissue. The energies
presently used in fast neutron therapy are up to about 70 MeV. So in order to test the suitability of
water as a reference material for fast neutrons, the energies used are 10, 15, 20, 40, 60 and 80 MeV.

One problem with the neutron therapy beams is that large penumbra effects reduce the physical
selectivity of the beam, i.e., it is more difficult, compared to in megavolt photon beams, to concentrate
absorbed doses to the tumour volume while sparing healthy tissues. This is mainly due to the
thermalization of the neutrons and the secondary gamma radiation released in neutron capture
processes. One aim of this work is therefore to explore how the penumbra effects vary with neutron
energy, testing the hypotheses that the penumbra decreases as the neutron energy increases.
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The main aim of this work is to use Monte Carlo techniques to evaluate the penumbra effect due to
the transport of secondary particles released by the neutrons in the phantom. Pencil beam data are
derived, i.e., the neutron source is assumed to be a point source and the SSD (Source-Skin-Distance)
to be infinite. The pencil beam results are integrated to yield results for finite beam areas.
Furthermore, the absorbed dose due to photons and their secondary particles will be derived
separately and compared to the total absorbed dose as a function of depth. At the reference point, at
5-cm depth, the contribution to kerma from the different neutron reaction channels will be evaluated
by scoring values for the neutron fluence and applying partial cross-section data. Since the codes used
are FLUKA [7,8] and MCNP [9], a comparison of the results from the codes is made at the energies
where both codes are valid, i.e., 10, 15 and 20 MeV.

2. PHYSICAL PROPERTIES OF NEUTRON BEAMS – GENERAL REMARKS
The radiation field inside the patient in neutron therapy is very complex due to the many reaction
channels [10] available when neutrons interact in the body. The production of photons in the target,
accelerator head and inside the body contributes to increase the complexity, as does the production of
secondary neutrons and charged particles in the treatment head. This makes measurements difficult
since the detector response (defined as the signal per unit absorbed dose in the detector) will, due to
the LET dependence of most physical detectors, be a function not only of the energy distribution of
the neutron fluence but also of the photon contribution to the absorbed dose. Photons are produced in
inelastic collisions and when the neutron is captured. The main photon source in the human body is
capture of neutrons in hydrogen giving rise to a 2.2 MeV photon. Several gamma quanta are also
emitted after neutron capture in chlorine and nitrogen [11]. The large spread in radiation quality (LET
distribution) in a neutron beam is seen in figure 1. This figure shows the dose distribution yd(y) [12]
of the lineal energy y. The low energy proton edge is at about 100 keV/µm, and the alpha peak is at
about 250 keV/µm. At still higher values of y a contribution from heavy recoils such as O-ions is seen.
The high peak around 10-20 keV/µm is due to high-energy protons. Photons and electrons contribute
to the lowest values (<10-20 keV/µm).

The photon dose contribution will increase as the depth increases and as a consequence the RBE
decreases with increasing depth. Kota and Maughan [13] calculated the saturation corrected dose
mean lineal energy y* which is a good measure of the biological effect for many mammalian cell
systems [14]. In their study, a decrease of 4% in y* was observed between 2.5 and 25 cm depth due
to an increasing photon component. Close to the surface the beam is in practice also contaminated by
heavy charged particles created in the accelerator head which increases the RBE at the surface.

Another important property of beams of uncharged particles (neutrons, photons) is the relation
between the mean free path, λ, of the uncharged particles and the maximum range of the released
charged particles. This determines the degree of charged particle equilibrium (CPE) that can be
attained. If CPE prevails, absorbed dose can be approximated with the quantity collision kerma
(collision kerma = kerma in neutron beams), and knowledge about the charged particle energy
distribution is not needed. For neutrons, CPE is a good approximation up to about 10 MeV, see table
1. At higher energies, CPE is a less good approximation and knowledge about the complete spectrum
of the released charged particles and their slowing down spectra are needed to calculate absorbed
dose. Table 1 indicates that the degree of CPE is about the same for 1 MeV photons as for 20 MeV
neutrons.



4

Figure 1: Microdosimetric spectra yd(y) vs y (the lineal energy) measured at 5-cm depth in a water phantom on the axis
of the collimated beams of four neutron sources: ---- d(15) + Be: Essen; _ _ _ ; German Cancer Research Center,
Heidelberg; -.-.- d(50) + Be, 3-mm lead: Louvain-la-Neuve; ____ ;p(65) + Be, 2-cm polyethylene + 3-mm lead: Louvain-
la-Neuve. Simulated diameter d=2-µm (from ICRU 45).

Table 1: Mean free path of the neutron [15] and maximum range of a recoil proton [16] in water and for comparison
the same data for photons [17] and electrons [18].  If Rmax/λ<<1 CPE can be assumed.

Neutrons Photons
Energy
[MeV]

λ
[cm]

Rp,max

[cm]
Rmax/λ λ

[cm]
Re,max

[cm]
Rmax/λ

1 2.4 0.00246 0.0010 14.2 0.437 0.031
5 6.4 0.0362 0.0057 33.0 2.55 0.077
10 9.5 0.123 0.013 45.0 4.98 0.11
20 11.3 0.426 0.038 55.2 9.32 0.17
50 19.7 2.23 0.11 59.9 19.8 0.33

100 37.6 7.72 0.21 57.8 32.6 0.56

3. METHODS
3.1 Choice of Monte Carlo transport code
The Monte Carlo codes available for neutron dosimetry at high energies (>20 MeV), where charged
particle equilibrium (CPE) does not strictly exist, are limited in number. To mention some of them:
CALOR95 [19] is able to transport photons, electrons, neutrons and protons and many other particles
but does not transport the deuterons, tritons or helium nuclei. The MCNP4B [8] code is a general
purpose Monte Carlo code for use in problems where neutron-photon-electron transport is of interest.
MCNP [8] does not transport the secondary charged particles but reports values of kerma. This
equals absorbed dose in CPE and restricts the usefulness of the code to neutrons with energies ≤ 20
MeV (see table 1). The neutron cross section data in MCNP is primarily from ENDF/B and ENDL. A
recent development is to use MCNP together with LAHET [20], the latter code being used to
transport the high-energy hadrons and other high-energy particles but it does not transport deuterons,
ritons or helium nuclei. Possibly the best code to transport neutrons in the energy range 0-100 MeV
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and all the possible secondaries such as p, d, t, 3He and 4He, is PEREGRINE [21], a code written
directly for the medical applications. However, PEREGRINE is at present not available to the
research community. Another code, FLUKA [7,8], transports not only recoil protons but also
deuterons, tritons and He ions (plus many other particles not of interest for this project). The
contribution to absorbed dose from the latter particles is calculated using the stopping power dE/dx,
scaled by mass and charge. The FLUKA code is well established and has been widely used in studies
of cascades induced by high-energy particles. The code is today a multipurpose code that also
transports low-energy neutrons using a rewritten version of MORSE [22]. The electrons and photons
are transported using a modified version of EGS4 [23]. The cross section data is from the ENEA data
bank. The geometry is modeled using combinatorial geometry in the same way as in MORSE.

In this work it was therefore decided to use FLUKA. In order to test it, MCNP4B was also used to
compare the results at lower energies 10, 15 and 20 MeV where MCNP can be considered valid.

The typical calculation time for 106 neutron histories in the simulated geometry (see below) is 10 h to
24 h, depending on energy, when using FLUKA on a SUN ULTRA 1 (167 MHz) Workstation. There
has been little attention paid to the statistical error in this work but the relative statistical error is in the
order of 1-2 % depending on the scored entity. In a future article, the statistical errors will be
examined in more detail.

4. EXPERIMENTS
4.1 Setup
The geometry in the Monte Carlo simulations is a large box, 200x200x200 cm3 of homogenous
material (see table 2) with a cylindrical scoring geometry centered on the z-axis. The box is chosen
large enough to ensure complete build-up from scattered radiation at the central axis. Outside the box
there is vacuum so that radiation that escapes the box does not re-enter it. The scoring volume is 30-
cm deep and has a radius of 15 cm. The beam is a pencil beam from which several entities can be
deduced; radial dose profile from a pencil beam, radial dose profile from an extended beam and the
depth dose distribution. For that reason, the cylindrical scoring geometry chosen is very useful. The
compositions of the materials were taken from ICRU 44 [24], and are shown in table 2. Because of
lack of cross-section data, the elements falling under the term “others” have been substituted by
oxygen, see table 2.

Table 2: Material composition in weight percent from ICRU 44 and composition used in the simulation.

Material H C N O Others Density
[g/cm3]

Adipose 11.4 59.8 0.7 27.8 0.3 0.95
Adipose* 11.4 60.0 0.7 27.9 - 0.95
Soft tissue 10.1 11.1 2.6 76.2 - 1.025
TE-liquid** 10.2 12.3 3.5 72.9 1.1 1.07
TE-liquid* 10.2 12.3 3.5 74.0 - 1.07
Water 11.1 - - 88.9 - 1.00

*As used in the code, this is due to lack of cross section data. ** From AAPM report no. 7 [3]

4.2 Depth dose distributions
Total absorbed dose and photon absorbed dose were calculated using both FLUKA and MCNP. By
using slabs 100-cm in diameter with thickness 1-mm reaching from z=0 to a depth of 30 cm and
scoring the energy imparted in each slab, the reciprocity relation can then be used to derive the



6

absorbed dose along the z-axis from a broad beam.

4.3 Radial dose profiles
Radial dose profiles were calculated using FLUKA for incident pencil beams of energy 10, 15, 20, 40,
60 and 80 MeV at a depth of 5-cm in the phantom materials listed in table 1. The scoring bins were
chosen to be annular rings of 1-mm thickness and the height 2-mm. High-resolution calculations, see
figure 5, were also done with FLUKA and MCNP using 10 µm thick (2-mm heigh) bins.

4.4 Partial and total neutron kerma at the reference point at 5-cm depth
At the reference point, at 5-cm depth, the neutron kerma was divided into contributions from the
different charged particle production channels. Using MCNP4B, this can be attained directly from the
code. Using FLUKA, however, neutron kerma has to be derived from values of the neutron fluence
(obtained from the code) and subsequent calculations of the kerma. Here, data from Chadwick
[25,26] were used for the kerma calculation. The neutron kerma to a small volume of water, TE-
liquid, ICRU soft tissue, or adipose tissue was derived at the reference point in the water and TE-
liquid phantoms. From this, possible differences in biological effect in the different tissues can be
clarified by comparing the contribution to the neutron kerma from the different reactions. For
comparison of codes, results were derived using both MCNP4B and FLUKA for neutron energies 10,
15 and 20 MeV.

5. RESULTS AND DISCUSSION
5.1 Depth dose distribution
Results of the calculations are shown in figures 2 and 3. The photon absorbed dose is almost constant
with depth because of the high energy of the gamma-photons released in the body (figure 2). Due to
the absorbed dose build up close to the surface, the photon absorbed dose fraction tends to be smaller
close to the surface. This effect is increasing with increasing neutron energy due to the steeper build-
up at higher energies where even the alpha particles can contribute to the shape of the build-up. A
comparison of the total absorbed dose as a function of depth using MCNP4B and FLUKA
respectively is shown in figure 3. The small difference is probably caused by the differences in neutron
cross section data in the two codes. The fractional contribution to the absorbed dose on the central
axis of a broad beam, at depths of 2, 5, 10 and 20-cm is shown in table 3 (FLUKA) and table 4
(MCNP4B).

Table 3: Photon absorbed dose in percent of total absorbed dose at the depths 2, 5 10 and 20 cm as calculated by
FLUKA.

Neutron energy [MeV]
Depth 10 15 20 40 60 80 10 15 20 40 60 80
[cm] Water TE-liquid

2 7.9 7.5 9.6 7.9 6.2 5.2 8.0 7.4 9.0 7.4 5.3 4.7
5 10.4 9.1 10.2 9.1 6.7 5.3 10.0 9.2 9.6 8.4 6.3 5.1

10 13.5 11.8 11.7 10.1 8.3 6.5 13.4 11.4 10.8 9.8 7.6 6.2
20 20.5 16.4 13.6 12.0 9.5 7.6 19.9 16.2 13.3 11.3 9.2 7.5

ICRU soft tissue Adipose tissue
2 8.1 7.8 9.5 7.7 5.5 4.6 7.2 5.7 6.7 5.8 4.3 3.5
5 10.5 9.3 10.4 8.9 6.7 5.3 9.3 7.1 7.1 6.4 5.1 4.2

10 14.2 12.1 11.5 10.4 7.6 6.3 12.3 9.4 8.3 7.5 5.9 4.7
20 20.1 16.6 14.0 11.7 9.2 7.6 18.5 13.7 10.9 8.9 6.9 5.5
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Table 4: Photon absorbed dose in percent of total absorbed dose at the depths 2, 5 10 and 20 cm as calculated by
MCNP.

Neutron energy [MeV]
Depth 10 15 20 10 15 20
[cm] Water TE-liquid

2 7.1 7.2 5.1 7.3 7.2 4.9
5 9.0 8.8 6.2 9.1 8.5 6.0

10 12.3 11.2 8.1 12.4 11.1 8.0
20 19.6 16.1 12.1 19.3 16.1 11.5

In this work, the photon absorbed dose is due to photons generated inside the body only. In spite of
this, the photon absorbed dose is only slightly less than reported from measurements [6]. Since the
capture reaction in hydrogen occurs at thermal energies, the photon dose contribution is related to the
fluence of thermal neutrons. Since the relative photon absorbed dose contribution is higher at 10 MeV
than at higher energies, figure 4, this may be an indication that the higher energy neutrons are less
thermalized.

Figure 2: Total absorbed dose (upper curve) and absorbed dose from photons and their secondaries in water (lower
curve) for a 15 MeV mono-energetic, perpendicularly incident neutron beam. Calculated using FLUKA, and a broad
beam.
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Figure 3: The total absorbed dose on the central axis as a function of depth as calculated by FLUKA (stairs) and MCNP
(solid line), respectively. 10 MeV neutron broad beam incident on a water phantom

0 5 10 15 20 25 30
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
x 10

-5

Depth [cm]

M
eV

/g
-s

ou
rc

e 
pa

rti
cl

e

0,0%

5,0%

10,0%

15,0%

20,0%

25,0%

30,0%

0 5 10 15 20 25 30 35

Depth [cm]

Ph
ot

on
 a

bs
or

be
d 

do
se

 in
 %

 o
f t

ot
al

 a
bs

or
be

d 
do

se

10 MeV

15 MeV

20 MeV

40 MeV

60 MeV

80 MeV



9

Figure 4: Photon absorbed dose fraction of total absorbed dose on the central axis, as a function of depth for different
neutron energies in water, for a broad beam. Results obtained using the FLUKA code.

5.2 Radial dose distribution
Radial dose distributions obtained with FLUKA (solid line) and MCNP4B (dash dotted line) are
shown in figure 5. Three different regions characterize the radial distribution given by the solid line.
A) At the proximity to the primary interaction, recoil nuclei and alpha particles cause the absorbed
dose. B) The “proton knee”, which is rather dominant close to the beam edge, is due to the protons
released by the primary neutrons. One can clearly see the analogy to the absorbed dose contribution
from the secondary electrons released by photons in a high megavolt x-ray beam, although the range
of the secondary electrons is longer. Also since the angular distribution of the scattered neutrons is
forward peaked, especially at the higher energies, there is a contribution from singly scattered
neutrons even this close to the beam edge. C) The distant absorbed dose is due to scattered neutrons
and photons. The primary photon source in the human body is the neutron capture reaction in
hydrogen giving rise to a 2.2 MeV photon but also Chlorine contributes with several gamma-photons
up to 8.6 MeV and Nitrogen gives rise to capture photons of energies around 10 MeV.

Figure 5: A high-resolution calculation of the radial absorbed dose distribution from a 19 MeV neutron pencil-beam.
A: Heavy recoils, B: The proton-knee, C: Scattered neutrons and photons from mainly 1H(n,γ)2H. The solid line refers
to a calculation done with FLUKA and the dash dotted line is obtained using MCNP4B.

The radial dose distribution for 20 MeV neutrons calculated using FLUKA resulted in a curve similar
to the MCNP curve in figure 5. The “proton-knee” was considerably reduced. Apparently, this was
due to a bug in the program, which was later confirmed by the code manager (Dr. Ferrari, private
communication). A debugged version of the code will be installed in the near future.

Figure 6 shows the lateral dose distribution in a 10×10-cm2 field. In this work, the contribution to the
penumbra caused by the extended source (focus) is not considered and one can therefore be surprised
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by the sharp field edges. In an accelerator, for neutron therapy, the beam diameter at the target can be
typically about 3 cm due to the necessity of cooling of the light metal targets used in cyclotron
produced neutron beams. Furthermore, because of low output one tries to reduce the SSD by using
compact designed collimator systems. These two effects both increase the penumbra. In high
megavolt x-ray units, the target can be much smaller and the output high. Therefore the geometrical
contribution to the penumbra is smaller. Table 5, are calculated penumbra widths, at 5 and 15 cm
depth for a 10x10 cm2 field and the resolution in the pencil-beam data used in the integration to get
the field data is 1 mm.

The penumbra, expressed as the distance between the 20% and 80 % iso-dose level, is slightly worse
when the neutron energy is increased and this is due to the longer range of the released protons and of
the scattered neutrons. The bug in the program for neutron energies ≥ 19.6 MeV may contribute to an
underestimate of the penumbra width at the higher energies given in table 5.

Figure 6: An example of the radial dose distribution at 5 cm depth, in water, integrated from pencil-beam data to a
field-size of 10×10cm2.

Table 5: Penumbra width, the distance between the 20 and 80% iso-dose level, in mm at the depths 5-cm and 15-cm,
calculated using FLUKA.

Water TE-liquid ICRU soft tissueEnergy
[MeV] 5-cm 15-cm 5-cm 15-cm 5-cm 15-cm

10 2.08 2.20 2.09 2.22 2.08 2.21
15 2.21 2.40 2.19 2.38 2.20 2.38
20 2.21 2.41 2.20 2.42 2.18 2.41
40 2.21 2.38 2.20 2.39 2.19 2.37
60 2.38 2.53 2.37 2.54 2.37 2.53
80 2.60 2.83 2.61 2.82 2.60 2.80
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5.3 Partial and total kerma at the reference point at 5-cm depth
The neutron fluence spectrum, at the reference depth at 5-cm, is strongly dominated by the primary
neutron energy. In figure 7, a comparison of the total absorbed dose at the reference depth, calculated
by MCNP4B and FLUKA, respectively is made. The absorbed dose calculated in MCNP using kerma
factors, agrees well with the absorbed dose calculated by FLUKA for the energies 10 and 15 MeV. At
20 MeV and possibly at the higher energies the bug mentioned earlier seems to affect the results
considerably.

Figure 7: The variation in absorbed dose per source particle as a function of energy at the reference depth 5 cm in water
calculated using FLUKA and MCNP (dark box).

In figure 8, fractional kerma values, using the partial kerma factors from Chadwick et al. [25,26], have
been calculated in adipose tissue, ICRU soft tissue, TE-liquid and water using the neutron fluence
spectra obtained at the reference depth in TE-liquid and water respectively at the energies 40, 60 and
80 MeV. The kerma in adipose tissue is higher due to the higher content of hydrogen in fat compared
to the other materials (table 2). As seen in figure 8 the proton kerma is the main contributor to the
total kerma. This is the reason why the choice of phantom material could affect the result, especially if
the hydrogen content is not similar to the tissue of interest.

0,0E+00

2,0E-06

4,0E-06

6,0E-06

8,0E-06

1,0E-05

1,2E-05

1,4E-05

1,6E-05

1,8E-05

2,0E-05

10 15 20 40 60 80

Neutron energy [MeV]

M
eV

/g
-s

ou
rc

e 
pa

rt
ic

le



12

Figure 8: The variation in total kerma and the contribution from the reaction channels to kerma in adipose tissue,
ICRU soft tissue, TE-liquid and water at 60 MeV (broad beam conditions). The neutron spectrum used is calculated at
the reference depth of 5-cm in water. The values are normalized to the kerma in adipose tissue.

In table 6, a comparison of kerma calculated for ICRU soft tissue at the reference points in water and
TE-liquid, respectively is made. There is only an insignificant difference in the calculated values and
one can therefore claim that measurements in water will give results comparable to measurements in
TE-liquid.

Table 6: Fractional contributions from proton, deuteron, alpha, non-elastic recoils and elastic recoils to kerma as a
function of energy. Water and TE-liquid refer to the phantom material in which the spectrum has been calculated at 5
cm depth. (The values are normalized to total kerma in TE-liquid at 80 MeV, deduced from the TE-liquid spectrum)

40 MeV 60 MeV 80 MeV
Water TE-liquid Water TE-liquid Water TE-liquid

Protons 0,697 0,700 0,716 0,721 0,740 0,743
Deutrons 0,061 0,061 0,091 0,091 0,113 0,113
Alphas 0,133 0,132 0,106 0,106 0,101 0,101
Non-elastic recoils 0,027 0,027 0,018 0,018 0,012 0,012
Elastic-recoils 0,041 0,041 0,035 0,035 0,030 0,030
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6. CONCLUSIONS AND FUTURE WORK
The penumbra, defined as the distance between the 80% and 20% isodoses, radially from the central
axis, as due to the secondary radiations produced in the phantom is very small compared to measured
values found in the literature [6]. This is because geometrical factors such as focus size and SSD have
a major influence on this parameter. In order to increase the physical selectivity of neutron beams,
improvements in the source and collimator designs are crucial. A scanning beam of neutrons (if
possible to design) would be a good solution, contrary to the case of high-energy photon beams,
where the penumbra is dominated by the secondary electrons released in the phantom [27].

Photon absorbed doses from measurements [6] are close to the calculated values obtained in this
work. This indicates that the photon absorbed dose in the body is almost entirely due to photons
created inside the body and that the contribution from photons created in the target and collimator is
small.

The results obtained using FLUKA in this work must be used with care, cf. figure 7. New data, using
an updated version of FLUKA, will soon be available. Using this version, point kernel distributions
will be calculated and can serve as input to the treatment planning systems [28] already in use for
photons to derive neutron dose distributions.

As soon as the new cross-section data measured by the group in Uppsala are available, we have the
tools to evaluate how calculated values of absorbed dose are influenced. The FLUKA code is a
versatile code, which could also be used to calculate the influence of target and beam shaping
geometries.
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