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Abstract

This work investigated if, and how, it is viable to use a 250 MeV proton cyclotron for radiation
therapy, foreseen to be installed in CTN, IST, coupled to a target, to produce a neutron beam. Using
the Monte-Carlo simulation code MCNPX a target was selected and dimensioned, which was done
by simulating a 250 MeV proton beam incident in several targets and analysing the neutron beam
thus produced. To provide irradiation positions with thermal and fast neutrons, two configurations
were studied. The materials and dimensions of the components of the irradiation apparatus, for both
configurations, were characterized and optimized and the fast and thermal irradiation positions of
these configurations were compared, using the neutron ratios and spectra at those positions. The
radiation dose rates, in the vicinity of the irradiation apparatus, were investigated and a biological
shield surrounding it was implemented to guarantee that the radiation protection safety norms are
fulfilled. Using CINDER’90 code, the activation of the target and the components of the irradiation
apparatus was also calculated.
Keywords: Cyclotron, Neutron sources, Radiation shielding, Monte-Carlo, Neutron activation

1. Introduction

Neutrons of a wide range of energies and intensities
are useful in a variety of applications, from basic
research to medical treatment. In this work the use
of a cyclotron coupled to a target for the production
of neutrons for research applications is going to be
studied. The installation, in the near future, of a
250 MeV proton cyclotron for radiation therapy is
foreseen in the Loures Campus of IST [2]. There-
fore, in this work, this cyclotron was considered as
a source of protons for irradiation of a neutron pro-
ducing target. To study the viability of producing
neutrons with a 250 MeV cyclotron, this work was
divided in three stages: (i) investigating the yield of
neutrons obtained from the nuclear reactions of the
proton beam in several targets, in order to chose
the best one; (ii) planning an irradiation position
with a spectrum rich in fast neutrons (E > 1 MeV)
and an irradiation position with a spectrum rich in
thermal neutrons (E < 0.5 eV); (iii) characterizing
the shielding of the irradiation apparatus for neu-
trons and γ, in addition to simulate the activation
of the materials used in the irradiation apparatus,
due to the nuclear reactions that occur in its diffe-
rent components.

2. Methodology

The Monte-Carlo simulation code used through out
this work was MCNPX [10]. Its data base con-

tains experimental cross sections for (p, n) reactions
for most of the elements. However, when there is
no experimental data for certain isotopes, it uses
the results from Bertini’s theoretical model [5, 6].
Bertini’s model is based on a nucleon-nucleus inte-
raction proposed by Serber [11]. It assumes two dif-
ferent interaction regimes: initially the incident nu-
cleon initiates a cascade of interactions individually
with each nucleon, inside the target nucleus, with
cross sections slightly modified from the ones bet-
ween free particles to account for the Pauli exclusion
principle. In the second regime (corresponding to
lower energy), the compound nucleus will de-excite
through a mechanism called ”evaporation” charac-
terized by a slow loss of energy, due to the multiple
scattering of the nucleons inside the compound nu-
cleus.

In MCNPX the estimate of the expected value
of a quantity (for example, the number of parti-
cles) is called tally and, unless otherwise specified
in the MCNPX input file, the results are norma-
lized to one source particle. In this work, three
different tally types were used: (i) f1 type tally
- counts the number of particles of a given type
(protons, electrons, neutrons, ...) crossing a speci-
fied surface; (ii) f2 type tally - average fluence (in
# of particles

cm2 ) across a specified surface, of a given
particle type; (iii) f4 type tally - average fluence (in
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# of particles
cm2 ) across the surfaces of a particular

volume (in MCNPX called a cell), of a given parti-
cle type. In this work two tally modification com-
mands, also known as cards, are going to be used:
(i) FM card - multiplying a tally output by some
quantity; (ii) DF card - multiplying a tally output
by a fluence-to-dose conversion factor.

CINDER’90 is another simulation code [14],
which was used for calculating the activity and ra-
dionuclides produced in the components of the ir-
radiation apparatus. It is coupled to a nuclear data
library, that provides the inventory of nuclides in an
irradiated material, by calculating the atom density
and activity density of every nuclide at a specific
time. In this work, this code is used to describe
the activation of the irradiation apparatus. To cal-
culate the atom density of a nuclide, the Bateman
equations must be solved. They give the rate of
change of the atom density of nuclide m (Ṅm(t)),
which is obtained by summing the rates of losses
and gains of the nuclide density. In some cases, an
additional constant production rate for nuclide m
(Ȳm) can be included and so, the differential equa-
tion for the rate of change of the atom density of
nuclide m can be written has [14]:

Ṅm(t) = −Nm(t)βm + Ȳm +
∑
k 6=m

Nk(t)γk→m , (1)

where βm = λm + φσa
m (φ is the neutron fluence

integrated in energy, λm is the total decay constant
of nuclide m and σm

a is the fluence-weighted average
cross section for neutron absorption of nuclide m)
and γk→m is the probability of a nuclide k to trans-
mute, by radioactive-decay or particle absorption,
to nuclide m.

Even though the Bateman equations (1) are cou-
pled, they can be reduced to a set of more conve-
nient independent equations by using the Marko-
vian property: the probability of decay is indepen-
dent of time and is equal for all nuclei of a given
species, independently of how they were formed:

Ṅi(t) = Ȳi +Ni−1(t)γi−1 −Ni(t)βi , (2)

where the rate of change of the (partial) atom den-
sity of the ith element of the linear chain, Ni(t),
is only coupled to the preceding element in the se-
quence. This means that the partial atom density
of each nuclide only depends on itself and on the
previous nuclide in the linearised chain. The total
atom densities are obtained by solving for the par-
tial concentrations of each nuclide in every linear
chain and then by summing these partial concen-
trations to get the total atom densities.

3. Target selection

The study of the design of the irradiation apparatus
(system cyclotron plus target) begins by surveying
different target materials in order to choose the best
candidate for producing a neutron beam with the
required characteristics for this work. Since it was
not clear whether the best target is made from a
low- or a high-mass number material, the materi-
als chosen to be surveyed were Aluminium, Beryl-
lium and Carbon for the light targets, and Bismuth,
Lead, Tantalum and Tungsten for the heavy tar-
gets. In order to chose from these candidates, se-
veral aspects were compared: the transmitted neu-
tron spectra and beam purity (neutrons per pro-
ton ratio), at the end of each target, are the most
important but the toxicity, activation and thermal
properties of the materials were also taken in ac-
count.

3.1. Dimensioning the targets

As a result of the collisions of the protons in the
target material, there will be a significant broade-
ning of the proton beam. So, if the cross-section
area of the target is too low, there will be leakage
of protons through its side walls and, to reduce it,
a suitable cross-section area for each target must
be found. To define the cross-section area of the
targets, the number of protons per source proton
(f1 type tally) that leak through their side walls
must be calculated, giving a rough estimate of the
cross-section area that is needed to mitigate this
leakage. The number of leaked protons were calcu-
lated at only one of the four side walls of the targets
because, since the proton beam has Y-Z symmetry
around the initial beam direction (X axis), the same
leakage occurs in every side wall.

In this work, if the number of leaked protons is
lower than 5E−6 protons/source proton, it was con-
sidered that the cross-section areas of the targets
are sufficiently large. After establishing the cross-
section areas of the targets, their optimal thickness
must be set. Since the objective of the irradiation
apparatus is to produce a neutron beam, it is de-
sirable to maximize the transmitted neutrons, lea-
ving the targets, while minimizing the transmitted
protons. Therefore, the transmitted neutrons per
proton ratio, taken at the end of the targets, must
be maximized. The thicknesses that maximize the
transmitted neutrons/proton ratio is presented in
table 1. In this table it can be seen that the trans-
mitted neutrons/proton ratio is lower on light tar-
gets (Al, Be and C) than on heavy targets (Bi, Pb,
Ta and W ). Besides, it was also found that the
transmitted number of neutrons are lower on light
targets than on heavy targets. This means that a
heavy target must be used in this work, since it
produces a more pure and intense neutron beam.
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Materials Thickness (cm) Neutrons/Proton
W 4.0 1.96E+03
Ta 4.6 2.08E+03
Pb 7.1 2.26E+03
Bi 8.1 1.82E+03
Al 19.0 2.17E+02
C 19.5 1.46E+02
Be 28.5 1.71E+02

Table 1: Thicknesses that maximize the transmit-
ted neutrons/proton ratio, at the end of each target,
for different materials.

3.2. Neutron spectra analysis and material
selection

Because it was found that the transmitted neu-
tron spectra of the heavy targets are similar, to
choose between the heavy targets their properties
must compared. The use of bismuth and lead is
not recommended because both have relatively low
melting points (271.5oC and 327oC, respectively).
Apart from the low melting points, lead is a toxic
metal and bismuth produces 210Po, through the re-
action 209Bi+ n→210 Bi→210 Po+ e− + ν̄, which
is also toxic. Both tungsten and tantalum have high
melting points (3422oC and 3017oC, respectively)
and are less toxic than bismuth and lead. Table
1 shows that the transmitted neutrons/proton ra-
tio is slightly higher for tantalum and it was found
that its transmitted neutrons intensity is also slig-
htly higher. However, since there were no experi-
mental proton cross sections in MCNPX for tan-
talum, contrary to tungsten, the obtained results
are dependent of a theoretical model and possibly
less accurate. This makes tungsten to be the better
candidate to be used as a target.

Even though the light targets are not going to be
used, they should be compared to the heavy ones.
The best light target, due to the characteristics of
the transmitted neutron beam and due to its pro-
perties was chosen to be beryllium. Therefore, in
figure 1 there is a comparison between the trans-
mitted neutron spectra of a tungsten and beryllium
targets, where it can be seen that the intensity of
the transmitted neutrons, for E > 50 MeV, is hig-
her in beryllium.

Since the damage induced by neutrons in mate-
rials is strongly non-linear [8], the presence of very
fast neutrons is undesirable as they severely damage
the samples being irradiated for research purpo-
ses. The highest neutron energies encountered in
research environments are found in fusion reactors,
in which the maximum neutron energy is approx-
imately 15 MeV and is due to the fusion reaction
2H+3H →4 He+n, which releases a neutron with
an energy of around 14 MeV. This means that, at
the fast irradiation position, the neutron spectrum

Figure 1: Comparison between the transmitted neu-
tron spectra of the tungsten and beryllium targets.

should be rich in neutrons in the 1 - 15 MeV energy
range and the neutron intensities in the 15 - 250
MeV energy range should be kept as low as possi-
ble. Since the intensity of the transmitted neutrons,
for E > 50 MeV, is higher in beryllium, it could ne-
ver be used as a target’s material.

3.3. Alloy choice and beam analysis

Pure tungsten is an extremely hard metal and it
is difficult to handle and machine, making it not
suited to be used as the target’s material. So, to
solve these problems, a tungsten alloy must be used.
Since kenertium is the most used tungsten alloy, a
general purpose kenertium alloy was chosen as the
target’s material. Since the density of Kenertium is
lower than the one of pure tungsten, the optimum
target thickness was found to be 0.3 cm higher than
the one of tungsten (or 4.3 cm), with the transmit-
ted neutrons intensity and neutrons/protons ratio
being approximately the same (table 2).

Materials Neutrons/Source Proton Neutrons/Proton
Kenertium 9.70E-01 1.63E+03

W 1.03E+00 1.96E+03

Table 2: Transmitted neutrons intensity and neu-
trons/protons ratio of the kenertium and tungsten
targets.

Cyclotrons used for therapy can have proton
beam intensities up to 5.0E12 protons/s in the case
of the Varian/ACCEL 250 MeV proton cyclotron
and to 1.9E12 protons/s in the case of the SHI 230
MeV proton cyclotron [12]. Using table 2, transmit-
ted neutron intensities of approximately 4.8E12 and
1.8E12 neutrons/s can be achieved for a kenertium
target, if the Varian/ACCEL or the SHI proton cy-
clotrons are used, respectively. The transmitted
neutron intensity obtained with the Varian/ACCEL
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cyclotron is approximately equal to the neutron in-
tensity obtained with about 2 g of 252Cf (yield:
2.4×1012 neutrons/g.s ; t1/2 = 2.6y). Since a 252Cf
neutron source costs 60 $ per µg (cost in 1999 [4]),
2 g of 252Cf would cost 120 M$, which is higher
than the cost of the cyclotron itself.

4. Characterization and optimization of the
irradiation apparatus

Besides the target, discussed in the previous chap-
ter, the irradiation apparatus includes (see figure 2):
(i) a radiation trap, to reduce the leakage of neu-
trons through the entrance hole; (ii) a moderator,
to decrease the energy of the fast neutrons released
from the target; (iii) a target and moderator casing,
to reduce neutron leakage; (iv) biological shielding,
to decrease the radiation dose rates in the vicinity of
the irradiation apparatus. It is desirable to have a
fast neutron irradiation position - a position within
the irradiation apparatus, where the neutron beam
is rich in neutrons in the 1 - 15 MeV energy range -
plus a thermal neutron irradiation position - a po-
sition where the neutron beam is rich in neutrons
below 0.5 eV.

It was shown in chapter 3.2 that the neutrons
produced in the kenertium target have energies well
above the thermal range (figure 1), so if a thermal
irradiation position is desired, the high energy neu-
trons released from the target must be moderated.
However, placing the moderator immediately after
the target could make impossible to set a fast ir-
radiation position, due to the presence of a large
number of thermal neutron immediately after the
target. Therefore, two different configurations for
the irradiation apparatus were studied (see figure
2), where the moderator (4 in the figure) was pla-
ced immediately after the target (A) and after a
block of stainless steel (B).

Figure 2: Schematic of the irradiation apparatus: 1
- Entrance hole and radiation trap; 2 - Kenertium
target; 3 - Stainless steel casing; 4 - Moderator.
Configuration A (s = 0 cm): t = 40 cm and r = 39
cm; Configuration B (s = 45 cm): t = 30 cm and
r = 20 cm. Note: the picture is not to scale.

4.1. Configuration A: placing the moderator
immediately after the target

The casing of the irradiation apparatus has to fulfil
two requirements: it needs to decrease the leakage
of neutrons by capture or scattering and, since some
neutrons will manage to escape, the casing needs
to be able to reduce the energy of a part of the
fast (E > 1 MeV) neutrons because of their signi-
ficant contribution to the radiation dose. It should
also have good γ radiation shielding properties be-
cause of the γ production through (n, γ) reactions
which occur throughout the irradiation apparatus.
Iron (Fe) is a dense material made of heavy nuclei
(55.84 g/mol), making it good at impeding neu-
tron leakage by scattering and at shielding γ ra-
diation. Additionally, one can take advantage of
its neutron inelastic scattering cross section to re-
duce the energy of a part of the fast neutrons. To
avoid corrosion problems stainless steel was selected
instead of pure iron.

Since it is impossible to know, before characte-
rizing the whole irradiation apparatus, if a parti-
cular side wall thickness t is effective at decreasing
neutron leakage by scattering, it was chosen, as a
first reasonable guess, a value of t = 40 cm. The
entrance hole has a cross-section area of 4x4 cm2,
deemed a reasonable value because the incident pro-
ton beam used in the simulations had a width of 2
cm [13]. The radiation trap has a cross-section area
of 18x18 cm2, which seemed reasonable enough to
reduce the leakage of neutrons through the casing.
Since the cross-section area of the moderator was
set to have 22x22 cm2 and the target has 20x20
cm2, then one has r = 39 cm as an initial estimate.

In a nuclear reactor either reactor grade graphite
(Carbon, C) or water (H2O) are used as modera-
tors. Since it would be complicated to use water in
the apparatus, polyethylene (C2H4) is a good alter-
native as it has hydrogen atoms in its composition.
Therefore, reactor grade graphite and polyethylene
were investigated as potential moderators. The ri-
chness of a neutron beam in thermal neutrons can
be evaluated by calculating the 0−0.5eV

0−250MeV neutron
ratio. In tables 3 and 4 it can be seen that the
moderator lengths that maximize the transmitted
0−0.5eV

0−250MeV neutron ratio are 10 cm and 60 cm, for
polyethylene and graphite respectively. To irradi-
ate samples, irradiation cavities inside the modera-
tor must be made, however they will increase the
moderator length needed to thermalize the neutron
beam produced in the target. Also, the thermal ir-
radiation of a sample benefits massively from having
a stream of backscattered thermal neutrons. So, it
was chosen that, for both moderators, their length
should be set equal to the double of the length nee-
ded to maximize the transmitted 0−0.5eV

0−250MeV neutron
ratio. Therefore moderator lengths of 20 cm and
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120 cm were chosen for polyethylene and graphite,
respectively.

Length (cm) 0−0.5eV
0−250MeV

6 2.86E-01
8 3.28E-01
10 3.29E-01
12 3.04E-01
14 2.70E-01

Table 3: Values of the transmitted 0−0.5eV
0−250MeV neu-

tron ratio, taken at the end of a polyethylene mo-
derator, for several lengths.

Length (cm) 0−0.5eV
0−250MeV

40 8.34E-02
50 1.01E-01
60 1.03E-01
70 9.60E-02
80 8.66E-02

Table 4: Values of the transmitted 0−0.5eV
0−250MeV neu-

tron ratio, taken at the end of a reactor grade grap-
hite moderator, for several lengths.

It was stated, in the beginning of this chapter,
that setting a fast neutron irradiation position using
this configuration (A) for the irradiation apparatus
could be an impossible task due to the presence of
a large number of thermal neutron immediately af-
ter the target. Table 5 shows the 1−15MeV

0−0.5eV neutron
ratio, at the fast irradiation positions (set immedi-
ately after the target, for both moderators, in or-
der to reduce neutron moderation) of a 20 cm and
120 cm in length polyethylene and reactor grade
graphite moderators, respectively. It shows that
the thermal neutron intensity is, at best, only one
order of magnitude lower than the intensity of the
neutrons in the 1 - 15 MeV energy range, confirming
that configuration A cannot be used for the irradi-
ation apparatus, due to the impossibility of setting
a fast irradiation position.

Moderator 1−15MeV
0−0.5eV

Polyethylene (20 cm) 1.59
Graphite (120 cm) 5.23E+01

Table 5: Values of the 1−15MeV
0−0.5eV neutron ratios, ta-

ken at the fast irradiation positions (set immedia-
tely after the target) for a 20 cm and 120 cm in
length polyethylene and reactor grade graphite mo-
derators, respectively.

Even though configuration A cannot be used for
setting a fast neutron irradiation position, a possi-
ble thermal neutron irradiation position should still

be studied, because it will further justify the use
of configuration B for the irradiation apparatus, as
well as give insight on the length and material of
its moderator. The thermal irradiation positions
can be established by finding the maximum value of
the 0−0.5eV

0−250MeV neutron ratio along the polyethylene
and reactor grade graphite moderators. Therefore,
these positions were found to be located at 8.5 cm
and 55 cm from the target, for polyethylene and
graphite, respectively. The values of the 0−0.5eV

0−250MeV

and the 0−0.5eV
1−250MeV neutron ratios, for both modera-

tors, at the respective thermal irradiation positions,
are presented in table 6. The fast neutron intensity
(E > 1 MeV) should be as low as possible, or else
the purpose of an irradiation position of this type
is lost. Since the thermal neutron intensities are
approximately of the same order of magnitude as
those of the fast neutrons, this configuration (A) is
not suited for setting a thermal irradiation position.

Moderator 0−0.5eV
0−250MeV

0−0.5eV
1−250MeV

Polyethylene (20 cm) 6.59E-01 4.01
Graphite (120 cm) 1.50E-01 1.65

Table 6: Values of the 0−0.5eV
0−250MeV and the 0−0.5eV

1−250MeV
neutron ratios, at the thermal irradiation positions,
for the 20 cm and 120 cm in length polyethylene and
reactor grade graphite moderators, respectively.

4.2. Configuration B: placing the moderator
after a stainless steel block

Configuration B differs from configuration A by ha-
ving a block of stainless steel between the target
and the moderator. It will provide a mean for set-
ting a fast irradiation position, since neutron mo-
deration in stainless steel (Fe), for neutrons with
E < 1 MeV, is low. Also, having a stainless steel
block between the target and the moderator will al-
low for the fast irradiation position to be located far
enough from the moderator and from the backscat-
tered thermal neutrons produced in it. The energy
of a part of the fast (E > 1 MeV) neutrons, pro-
duced in the target, will also be reduced by taking
advantage of the neutron inelastic scattering of iron
(Fe), reducing the intensity of the fast neutrons at
the thermal irradiation position. The dimensions of
the irradiation apparatus for configuration B are the
same as those used in configuration A, apart from:
t, which was changed to 30 cm, since it was found to
be enough to contain most of the neutron beam, as
it travels through the stainless steel block; r, which
was changed to 20 cm, since the cross-section area
of the moderator was changed to 40x40 cm2 to allow
samples of different sizes and shapes to be placed
inside it for irradiation purposes.

To determine an adequate length (s) from the
kenertium target to the moderator, the transmit-
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ted 1−250MeV
0−250MeV neutron ratio, taken at the beginning

of the moderator, should be minimized. Since it
was discovered that the moderator produces a large
number of backscattered neutrons, the moderator
in figure 2 was removed, so that this ratio could
be properly evaluated at the end of the stainless
block. The transmitted 1−250MeV

0−250MeV neutron ratio,
as a function of s, is presented in figure 3 and, to
keep the dimensions of the irradiation apparatus re-
asonably low, it was decided that the transmitted
1−250MeV
0−250MeV neutron ratio should have a maximum
value of 0.1. However, to irradiate samples inside
the stainless steel block, cavities must be made in it,
which will increase the stainless steel length needed
to reduce the energy of a part of the neutrons with
E > 1 MeV, produced in the target. Therefore,
to take it in consideration, the most appropriate
length from the kenertium target to the moderator
was found to be s = 45 cm.

Figure 3: Values of the transmitted 1−250MeV
0−250MeV neu-

tron ratio, taken at the end of the stainless block,
as a function of s. Note: the black line was drawn
merely to guide the eye.

Due to the inelastic scattering cross section of
Fe, one might think that the fast irradiation posi-
tion should be set as close as possible to the target.
However, for properly setting a fast irradiation po-
sition, the broadening of the neutron beam, as it
travels through stainless steel, must also be consi-
dered. For properly irradiate a sample, the neutron
fluences should be kept as homogeneous as possible
across the sample’s surfaces. However, since regi-
ons with homogeneous neutron fluences in stainless
steel are not possible, it was chosen that the neutron
fluences, across a sample’s surface, should never be
lower than 50% of their maximum value. Remem-
bering that the neutron beam is symmetric in the
Y-Z directions, the region in space, for a given dis-
tance from the target, where the neutron fluences
are above 50% of it’s maximum value, is a circle,

centred around the X axis, with a diameter equal
to the full width at half maximum of the neutron
beam. The full widths at half maximum (FWHM)
of the neutron beam, as a function of the distance
to the target, are presented in figure 4.

Figure 4: Full widths at half maximum (FWHM)
of the neutron beam, as a function of the distance
to the target. Note: the line was drawn merely to
guide the eye.

From table 6, it can be seen that using a poly-
ethylene moderator would produce a slightly bet-
ter thermal irradiation position, due to the mar-
ginally higher neutron ratios. Also, the length of
the polyethylene moderator to produce such results
is much smaller than the length of the graphite,
which reduces the cost of the irradiation apparatus.
For these reasons, a polyethylene moderator will be
used for configuration B. Concerning its length, it
was found that a 20 cm polyethylene moderator
would be enough to thermalize the neutron beam
produced in the target. This means that surely
the same length will be enough to thermalize the
neutron beam in configuration B, since the energy
of a part of the fast (E > 1 MeV) neutrons, pro-
duced in the target, has already been reduced by
the time they enter the moderator. Using the same
method used in configuration A, the thermal irra-
diation position of configuration B was found to be
located at 7.5 cm from the beginning of the polyet-
hylene moderator and the values of the 0−0.5eV

0−250MeV

and 0−0.5eV
1−250MeV neutron ratios, at this irradiation po-

sition, are presented in table 7.

Moderator 0−0.5eV
0−250MeV

0−0.5eV
1−250MeV

Polyethylene (20 cm) 8.17E-01 1.89E+01

Table 7: Values of the 0−0.5eV
0−250MeV and the

0−0.5eV
1MeV−250MeV neutron ratios, at the thermal irradi-
ation position, for the 20 cm in length polyethylene
moderator.
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In figure 5 the neutron beam profile, at the ther-
mal irradiation position, is calculated and it can be
seen that the neutron fluences remain practically
constant across the polyethylene moderator, which
is an excellent result because it allows a sample to
be thermally irradiated with practically constant
neutron fluences across its surface.

Figure 5: Neutron beam profile, taken at the in-
tersection of a plane X, at the thermal irradiation
position, with plane Z=0 as a function of y (or dis-
tance to the centre of the irradiation apparatus).

4.3. Comparison between the irradiation ap-
paratus and the Portuguese Research
Reactor (RPI)

To compare the neutron fluence rates obtained at
the RPI with those obtained at the irradiation ap-
paratus, a proton beam intensity must be chosen.
An incident proton beam intensity of 5E12 pro-
tons/s was selected, which is the maximum inten-
sity that the 250 MeV Varian/ACCEL proton cy-
clotron is able to attain. In table 8, the neutron
fluence rates at the two irradiation positions of the
irradiation apparatus (IA) are compared with ”si-
milar” positions that used to be available in the
Portuguese Research Reactor (RPI): an in-pool ir-
radiation position (position 54 of the core grid) and
a dry irradiation chamber for irradiation with fast
neutrons.

While the irradiation apparatus outperforms the
RPI, for irradiations with fast neutrons, the same
cannot be said for irradiations with thermal neu-
trons. Since the RPI is a 1 MW reactor, there are,
approximately, 1016 neutrons/s available for irradi-
ations. With table 2 and assuming that an inci-
dent proton beam with an intensity of 5E12 pro-
tons/s was utilized, the neutron intensity produ-
ced in the kenertium target is equal to 4.8E12 neu-
trons/s. Since the intensities in the RPI are al-
most 4 orders of magnitude higher when compared
to those produced by the target, an irradiation posi-
tion in the reactor core will always have much higher

Device (position)
Neutron fluence rate

0 - 0.5 eV 1 - 15 MeV
IA (fast) 3.3E+06 2.3E+09

RPI (irr. chamber) 2.3E+07 4.0E+08
IA (thermal) 3.7E+08 4.2E+06

RPI (54 in grid) 25.0E+12 25.6E+11

Table 8: Neutron fluence rates (neutrons/cm2/s),
for the 0 - 0.5 eV and 1 - 15 MeV energy ranges,
obtained: at a fast (10 cm from the target) and
thermal irradiation positions of the irradiation ap-
paratus; at the in-pool irradiation position 54 and
at the dry (outside the reactor pool) fast neutron ir-
radiation chamber [7, 9] of the Portuguese Research
Reactor (RPI).

neutron fluence rates than any irradiation position
in the irradiation apparatus.

5. Shielding and activation

The main goal to be achieved with a biological
shield surrounding the irradiation apparatus is to
ensure that, in its vicinity, the radiation dose rate
limit of 20 mSv over the course of a year, impo-
sed by the Portuguese law, is not exceeded [1]. For
calculating the dose rates, the neutron and γ flu-
ences will be supplied by the MCNPX code which
will then be converted into dose rates by using con-
version factors (the factor for converting fluence to
dose rate) that can be found in ICRP-21 [3]. Since
the irradiation apparatus will be subjected to rela-
tively high fluence rates of neutrons with different
energies, CINDER’90 [14] code will be used to cal-
culate the activity of its different components, as
well as the main radionuclides produced.

5.1. Implementation of the biological shiel-
ding

Before implementing the biological shielding, there
are some aspects that must be made clear. First,
in the following dose rate calculations the radiation
from the decay of the radioisotopes was not taken
into account. Also, the contribution to the total
radiation dose rate from the protons was not consi-
dered. Second, the thickness of the biological shield
will be constant (figure 6) and was calculated in or-
der to assure that the radiation dose rate limit is
never exceeded. Finally, all of the dose rates were
calculated immediately after the irradiation appa-
ratus/biological shield, which means that a worker
will be able to stand right next to it without ex-
ceeding the dose rate limits and that there will be
no restricted zones to the personnel in the surroun-
dings of the irradiation apparatus (apart from the
zone behind the entrance hole).

The irradiation apparatus has the shape of a pa-
rallelepiped (figure 6) and so, six surfaces bound
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it and are the following: one surface at the begin-
ning of the irradiation apparatus (S1), where the
entrance hole is localized; four side walls parallel to
the symmetry axle (one of the four is S2); one sur-
face at the end of the irradiation apparatus (S3).
The incident proton beam needs to be focused into
the kenertium target so, the entrance hole cannot
be covered with a biological shield and, since there
will be direct streaming of neutrons through the
entrance hole, the zone behind surface S1 must be
restricted to the personnel. Also, since the inten-
sity of the neutron beam is higher along the centre
(symmetry axle) of the irradiation apparatus, the
highest dose rate across surface S3 is located at its
centre.

Figure 6: Irradiation apparatus with a barytes-
limonite concrete biological shield surrounding it.
Here, the surfaces of the irradiation apparatus
where radiation leakage occurs are highlighted (S1,
S2 and S3). The concrete’s thickness to shield the
side walls (a) and surface S3 (b) are also shown
(a = 3.0 m and b = 4.0 m). Note: the picture
is not to scale.

Since the regions in space where the neutron flu-
ences are constant are circumferences and the ir-
radiation apparatus has the shape of a parallelepi-
ped, the highest dose rate across side wall S2 must
be located somewhere across a line, parallel to the
symmetry axle of the irradiation apparatus, that
crosses the centre of S2. The total radiation dose
rates, throughout the mentioned line, as a function
of the distance of any point of that line to the sur-
face S1, are presented in figure 7, where it can be
seen that the maximum dose rate is located at 37.54
cm from the surface S1.

Since both neutrons and γ radiation need to
be shielded, concrete was chosen as the biological
shield’s material and, to decrease its dimensions, a
heavy concrete containing both baryte and limonite
aggregates will be used. Because limonite is an hy-
drated iron ore, a heavy concrete with a limonite
aggregate presents a particularly good performance

in shielding against neutrons, due to the presence
of H. To calculate the thickness of the biological
shield, the dose rates that follow (figure 8) are calcu-
lated at the locations of the highest dose rate across
surfaces S2 and S3 and assuming an incident proton
beam with an intensity of 5E12 protons/s.

Figure 7: Total radiation dose rates across a line,
parallel to the symmetry axle of the irradiation ap-
paratus, that crosses the centre of the side wall S2,
as a function of the distance of any point of that
line to the surface S1.

Figure 8: Total radiation dose rate values, as a
function of the thickness of the barytes-limonite
concrete biological shield. Note: the black and red
lines were drawn merely to guide the eye.

Generally speaking, the personnel only works 50
weeks per year (4 weeks of holidays), 5 days per
week (2 days of weekend) and 8 hours per day, which
means that a dose rate of 10 µSv/h should not be
exceeded. Figure 8 presents the total radiation dose
rates, as a function of the shield’s thickness, for the
side wall S2 and surface S3. As it can be seen, a
thickness of a = 3.0 m and b = 4.0 m are required
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to assure that the dose rate limit is not exceeded
for side wall S2 and surface S3, respectively.

5.2. Activation of the irradiation apparatus
The irradiation apparatus will be subjected to rela-
tively high fluence rates of neutrons with different
energies, implying that there will be activation of
its various components, which will be dependent on
the neutron fluence rates, energies and the composi-
tion of the materials of the components. Therefore,
to calculate the activation of the irradiation appa-
ratus using the CINDER’90 code [14], it must be
divided into different cells (or volumes) as shown in
figure 9.

Figure 9: Division of the irradiation apparatus in
different cells (or volumes), for the purpose of cal-
culating their activity and produced radionuclides.
Note: the picture is not to scale.

The activity and radionuclides produced in each
cell are heavily dependent on the amount of time
that the irradiation apparatus is operating and on
the intensity of the incident proton beam. There-
fore it was chosen that CINDER’90 code would be
used to simulate a continuous operation of 120 h of
the irradiation apparatus, with an incident proton
beam with an intensity of 1E12 protons/s. The to-
tal activity and main radionuclides produced were
evaluated immediately, 1 day and 30 days after the
shutdown of the cyclotron and are presented in ta-
bles 9 to 12.

Cell
Activity (Ci/cm3)

Shutdown 1 day 30 days
A 8.22E-06 2.98E-07 1.18E-07
B 1.45E-05 6.44E-07 2.48E-07
C 6.27E-06 2.11E-07 9.14E-08
D 4.42E-07 2.03E-08 9.24E-09
E 2.37E-03 5.26E-04 4.35E-05
F 6.31E-08 5.50E-12 5.48E-12

Table 9: Total activity of each different cell, eva-
luated immediately, 1 day and 30 days after the
shutdown of the cyclotron.

As expected, the radionuclides with shorter half-
lives are dominant when the time span after the

Cell
Main radionuclides
1 2 3

A 56Mn 58mCo 51Cr
B 56Mn 58mCo 51Cr
C 56Mn 58mCo 51Cr
D 56Mn 51Cr 58mCo
E 183mW 187W 58mCo
F 8Be 12B 11C

Table 10: Radionuclides with the higher activities
immediately after the shutdown of the cyclotron,
for each different cell.

Cell
Main radionuclides
1 2 3

A 51Cr 58mCo 58Co
B 51Cr 58mCo 58Co
C 51Cr 58mCo 58Co
D 51Cr 58mCo 56Mn
E 187W 185W 58mCo
F 3H 14C 10Be

Table 11: Radionuclides with the higher activities
1 day after the shutdown of the cyclotron, for each
different cell.

Cell
Main radionuclides
1 2 3

A 51Cr 58Co 55Fe
B 51Cr 58Co 55Fe
C 51Cr 58Co 55Fe
D 51Cr 55Fe 58Co
E 185W 181W 58Co
F 3H 14C 10Be

Table 12: Radionuclides with the higher activities
30 days after the shutdown of the cyclotron, for each
different cell.

shutdown of the cyclotron is short, whereas the
radionuclides with longer half-lives are dominant
when the time span after the shutdown of the cy-
clotron is long.

6. Conclusions

In this work the viability of producing neutrons
using a 250 MeV proton cyclotron coupled to a
target was studied. This cyclotron was considered
as a source of protons for irradiation of a neutron
producing target, as the installation of a 250 MeV
proton cyclotron for radiation therapy in the Lou-
res Campus (CTN) of IST is foreseen in the near
future. It was found that a kenertium (tungsten al-
loy) target is the most appropriate for producing a
neutron beam with the required characteristics and,
using an incident proton beam with an intensity of
5.0E12 protons/s, it produces a transmitted neu-
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tron beam with an intensity approximately equal to
what would be obtained with 2 g of 252Cf , which
has a cost much higher than the cyclotron itself.

For the purpose of implementing irradiation posi-
tions with spectra rich in fast and thermal neutrons,
it was found that placing the neutron moderator
immediately after the target would make impossi-
ble setting a fast irradiation position. Therefore,
another configuration for the irradiation apparatus
was studied, in which there is a stainless steel block
between the target and the moderator. This confi-
guration (B) made possible the setting of the two
irradiation positions and it was found that the fast
one was able to outperform a ”similar” position that
used to be available at the RPI. Regarding the ir-
radiations with thermal neutrons, it was found that
the irradiation apparatus is not capable of outper-
forming the RPI, since this type of irradiations are
performed close to the reactor core. Finally, to en-
sure that the radiation dose rate limit of 20 mSv
over the course of a year is not exceeded, the irra-
diation apparatus was properly shielded and, since
it will be subjected to relatively high fluence rates
of neutrons, the activation and radionuclides pro-
duced in its components were calculated using the
CINDER’90 code.

In the future some additional improvements can
be made to this work, such as: studying tantalum
as a possible target material; formulating the full
width at half maximum of the neutron beam as a
function of the distance to the target; performing si-
mulation ”runs” for sensitivity studies on variations
of the dimension parameters of the components of
the irradiation apparatus; optimizing the biological
shield of the irradiation apparatus.
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