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Abstract

The ‘‘Energy plus Transmutation’’ experimental setup of the Joint Institute for Nuclear Research (JINR), Dubna, Russia, is a lead

target surrounded by a natural uranium blanket. A polyethylene plus cadmium shield is placed around the target–blanket assembly to

modify the spallation and fission neutron spectra in the system. In this work the spatial distribution of natural uranium fission rate in the

assembly and fission rate in the blanket were determined experimentally and compared with Monte Carlo predictions using the MCNPX

2.6C code. Besides neutron-induced fission the calculations include the reactions NatU(p, f), NatU(p, f) and NatU(g, f). Good agreements

between the experimental and calculations results were obtained. The possible sources of errors in the experiment and calculations are

discussed in detail.

r 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Accelerator-driven systems (ADS) are considered to be
one of the best options for cleaner, safer and economically
viable methods for future nuclear energy production and
nuclear waste incineration [1–3]. In these systems the
spallation neutrons sustain the fission chain reaction under
subcritical conditions. These spallation neutrons have an
energy spectrum covering a very wide energy range of keV
to GeV and are produced via interactions of high energy
ions (such as protons) with extended heavy nuclide targets
(such as lead see e.g. Ref. [4]).

The currently available data tables on the reaction cross-
section for neutrons with energy above 20MeV are not
e front matter r 2008 Elsevier B.V. All rights reserved.
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complete for all elements and isotopes that can be present
within an ADS [5]. Therefore, understanding the behaviour
of spallation neutrons and their interaction with the nuclei
present in the system has prime importance. One of the
major requirements in the design of an ADS is the ability to
simulate the interactions of neutrons and other secondary
particles with the nuclei present in the ADS environment
and to make appropriate calculations and predictions. In
this work the MCNPX 2.6C code (beta version) [6] was
used to simulate the interaction of the proton with target
material and behaviour of the spallation neutrons and
other secondary particles in the system.
The experiments reported in this paper were carried out

in the Veksler and Baldin Laboratory of High Energies
(VBLHE), Joint Institute for Nuclear Research (JINR),
Dubna, Russia, using the NUCLOTRON accelerator of
this institute.
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2. Experimental

2.1. Experimental setup

2.1.1. Energy plus Transmutation setup

The experiments were carried out using an experimental
assembly in JINR known as ‘‘Energy plus Transmutation
(EPT)’’ setup. Fig. 1a and b illustrates the schematic
drawings of the EPT installation.

Detailed description of this setup is given elsewhere [7]
and in the present paper only a brief explanation of its
components and their arrangements is given:
(1)
 The system contains four cylindrical lead targets each
with diameter 8.4 cm and length 11.4 cm.
(2)
 A natural uranium blanket surrounds each of the four
target sections. Each uranium blanket is composed
of 30 uranium rods of diameter 3.6 cm (including the
Al-cladding) and length 10.4 cm hermetically sealed in
aluminum cladding. The uranium rods are arranged in
the form of hexagonal (triangular) lattice with pitch size
of 3.6 cm. The weight of natural uranium in each
blanket section is 51.6 kg and whole setup contains
total of 206.4 kg of natural uranium. Each section of
target–blanket is safely fixed within a steel right angle
hexagonal prism container. The four target–blanket
sections aligned, along the Z-axis (the target axis) with
0.8 cm gap between the sections. These gaps are used to
place activation foils, track detectors and other sensors
used in the study of the neutron field within the system.
(3)
 The whole target–blanket system was placed within a
wooden container filled with granulated polyethylene
Fig. 1. Schematic drawings of the ‘‘Energy plus Transmutation’’ experim
of average density 0.7 g cm�3 with dimensions and the
arrangements as shown in Fig. 1.
(4)
 The inner walls of the container were covered with a Cd
foil of thickness 1mm.
(5)
 The whole setup is mounted on a platform that can be
moved on a rail and its position on the platform can be
adjusted with the help of appropriate screw devices.
2.1.2. Fission sensor sample

In order to study and determine the fission rate in the
EPT setup, metallic foils of natural uranium (fission-foils)
were used as fissionable material (the same material as the
blanket). These foils (diameter of 7mm and thickness
�0.1mm) were manufactured by cold rolling and vacuum
annealing of the material. As the thickness of these foils
was greater than the mean range of the fission fragments in
uranium (5.41 mm), the fission-foils are considered to be
‘‘thick foils’’. The fission-foils were placed in close contact
between two fluorophlogopite (artificial mica) track
detector sheets as shown in Fig. 2a.
The fission-foil mica sandwiches were mounted on

plastic sheets (sample plates) of thickness �0.2mm, along
the +Y-axis at different radial distances R (0, 3, 6, 8.5, 11
and 13.5 cm), as shown in Fig. 2b. Five plates each
containing six samples were placed in front, back and in the
three gaps between the target–blanket sections (Fig. 2c).

2.2. Proton irradiation

The setup was irradiated by a proton beam of energy
1.5GeV in direction parallel to the target axis (shown in
ental setup: (a) YZ cross-section and (b) XY cross-section.
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Fig. 2. (a) The schematic drawing of the fission-foil-track-detector assembly used in the experiments. (b) Schematic drawings of the sample plates and
natU-mica detector sandwiches used in the experiment. (c) Placement of the sample plate within EPT assembly. Each target section is 114mm long and

there is a gap of 8mm between each pair of target–blanket sections.

Fig. 3. The beam profile obtained using NatPb(p, f) reaction and mica

track detector (see the text for details).
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Figs. 1a and 2c). The alignment of the beam centre with the
centre of the lead target was achieved by examining
Polaroid films placed in front of the target and exposed
to a couple proton pulses. This type of beam alignment can
have an error of a few mm in X- and Y-directions.

Total fluence of the protons striking the target during the
main irradiation was determined by activation of an Al-foil
via the 27Al(p, 3pn)24Na reaction [8,9]. The number of the
27Al(p, 3pn)24Na reactions was determined by Gamma-ray
spectrum analysis of 24Na decay using the properly
calibrated HPGe detector. The total number of protons
on the system was (1.1770.06)� 1013 of which (1.127
0.05)� 1013, i.e. 95.8% was on the target [7].

The proton beam intensity distribution along the X- and
Y-axes was determined using the reaction NatPb(p, f) in
conjunction with mica track detectors. Sandwiches of
natural lead (NatPb) foils of dimensions 0.7� 0.7�
0.03 cm, in contact with mica detectors (similar to the
NatU-mica sandwiches; Fig. 2a) were placed on the plate 1
in front of the lead–uranium blanket setup in contact with
the target (Fig. 2c) along the X- and Y-axes, extending
from �13.5 to 13.5 cm both directions. Total number of
these samples was 37. The incident protons (Ep ¼ 1.5GeV)
induce fission in NatPb and their tracks register in the mica
detectors. After exposure the track detectors were etched
and track density in each sample was determined (details of
the etching and counting procedures will be given in this
section). The variations of the track density with distance
along the X- and Y-axes were used to obtain the beam
intensity distribution.

Fig. 3 illustrates the observed beam intensity distribu-
tions along the X- and Y- directions. In each of the X- and
Y-directions the data were fitted with a Gaussian function
and the coordinates of the beam centre (Xc and Yc) on the
target and full width at half maximum (FWHM) of the
distributions were obtained from the Gaussian fits as
Xc ¼ �0.3270.03 cm, (FWHM)X ¼ 2.0170.06 cm and
Yc ¼ �0.1470.08 cm (FWHM)Y ¼ 3.1070.19 cm for the
X- and Y-axes, respectively.

The secondary neutrons produced in the system can also
induce fission in the lead-foils. Contribution of the
secondary neutron-induced fission, NatPb(n, f), to the
observed fission events in the mica detectors was negligible
compared to that of the NatPb(p, f) events produced by the
primary protons. Examination of the neutron energy
distribution at the centre of the plate (X ¼ 0, Y ¼ 0) and
at position of the last lead–mica sample along the +Y-
direction (X ¼ 0, Y ¼ 13.5 cm) showed that the contribu-
tion of the secondary neutrons with energy greater than
30MeV (energy range at which NatPb(n, f) cross-section
becomes significant [10]) to these spectra is 8.8% and 2.1%
at Y ¼ 0 and 13.5 cm, respectively.

2.3. Processing of the mica detectors

After exposure the mica detectors were etched in 7% HF
at 60 1C. The duration of the etching time was decided on
the basis of the track population in a given sample. Shorter
etching times were used for samples with higher track
densities, to minimize the overlapping of the track open-
ings. To obtain an accurate measure of the track densities
the tedious method of manual track counting was chosen.
We counted tracks in many photomicrographs produced
for each mica detector using an optical microscope. Again
the overall magnification of the images was decided on the
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Fig. 4. The ‘‘Energy plus Transmutation’’ setup as seen by MCNPX 2.6C

code: (a) XY cross-section; (b) YZ cross-section; (c) XZ cross-section;

(d) XY cross-section through a sample plate and MC-fission-foils (MC-

FF). The 31 MC-FFs were placed along the Y-axis. In (d) the large circle

at the centre represents the XY cross-section of the hypothetical

cylindrical tube of radius 6 cm, in which the proton beam is enclosed.
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basis of the track population in a given sample. For each
foil, the mean of track density (track/cm2) in two mica
detectors on its each side was determined. The accuracy of
the track counting was dependent on the track population
in a given mica detector.

3. Monte Carlo calculations

3.1. Calculation procedure

We used MCNPX 2.6C (beta version) Monte Carlo
(MC) code [6] to simulate the behaviour of protons,
neutrons and other secondary particles in our experimental
setup. The experimental setup was built into the code with
the characteristics given in Fig. 1 and included the natural
uranium fission-foils as shown in Fig. 2.

The setup was ‘‘irradiated’’ with a proton beam of
energy 1.5GeV parallel to the target axis and with the
beam profile and beam centre coordinates as described
in Section 2.2. It was assumed that the projected beam
profile on X- and Y-axes is the same as that shown in
Fig. 3. The beam acceptance radius (a cylindrical tube in
which the proton beam was enclosed) was set to 6 cm to
include all protons including those that may hit the system
beyond the target. In this case some of the protons
(for probabilities, see Fig. 3) may hit the uranium blanket
(and thus result in higher neutron multiplicity than in the
lead) and some protons may strike the voids between the
uranium rods and target (and result in no secondary
particle production).

In the simulations each sample plate contained 23 or 31
fission-foils along the Y-axis from Y ¼ �13.5 to 13.5 cm. In
order to avoid confusion the fission-foils used in the MC
calculations will be referred to as MC-fission-foils and will
be abbreviated to MC-FF. Fig. 4 shows the experimental
setup and sample plates as seen by the MC-code.

The following MCNPX options were used in the
calculations:
1.
 Neutrons, protons, pions and photons were transported
together with other particles allowed by the code and
which could be produced by the incident protons. In
these series of calculations we did not transport
electrons as this slows down the calculation dramatically
without causing any improvement in the calculated
values.
2.
 Bertini intranuclear cascade (INC) model [11,12] along
with RAL fission-evaporation model [13] was used. The
other available models will be considered in other parts
of this paper.
3.
 In the case of the photons, analog photonuclear particle
production was used.
4.
 For neutrons and protons the ‘‘mix and match’’ option
of the code was used. This option allows using the
available data tables up to their upper energy limits.
Then at higher energies model calculated cross-section
values are used.
5.
 We used forced collisions in the MC-FFs to improve the
statistics of the calculations.
6.
 High energy data tables for neutrons and protons were
used whenever available [5]. Otherwise data tables of the
ENDF/B-VI libraries were used.
7.
 In all calculations the statistical errors were less than 3%
except for the case of the proton- and pion-induced
fission events at large radial distances where fluxes of
these particles were very low and the calculations
statistics were about 6%.

3.2. Neutron spectra

Fig. 5 illustrates typical calculated neutron spectra at
two radial distances (R ¼ 0 and 13.5 cm) on plate 2
(Z ¼ 11.8 cm). Fig. 5a shows the neutron spectra for the
case when in the experimental setup both the polyethylene
and Cd shields around the target–uranium assembly are
present (as with the experimental setup) and Fig. 5b shows
a hypothetical case when both polyethylene and Cd shields
are removed.
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From Fig. 5 it can be seen that the presence of Cd stops
thermal neutrons from entering the blanket area and the
combined presence of the polyethylene and Cd shields
enhances the number of the neutrons relevant to resonance
absorption. This simple arrangement allows us to study (a)
the interaction of the neutrons with different materials in
fast and resonance spectrum within the blanket area, and
(b) in thermal, resonance and fast neutron spectrum within
the polyethylene section of the setup. From Fig. 5a it
becomes clear that neutron spectrum becomes softer with
increasing R.

4. Results and discussions

4.1. Neutron-induced fission

The track density r in units of (tracks cm�2) is related to
fission rate Rf, via following equation:

r ¼ wRf (1)

where w is a calibration factor in units of
tracks cm�2 neutron�1 [14]. Rf is fission per atom of the
fissionable nuclei in the foil induced by different particles,
during the irradiation time t and is given by

Rf ¼
X4
i¼1

ðRf Þi (2)

where (Rf)i refers to the fission rate (fission/atom, during
the irradiation time t) induced by particle i (which in our
case are neutron, proton, pion and photon). (Rf)i is given
by

ðRf Þi ¼ t

Z 1
0

jiðEÞsiðEÞdE (3)

where ji(E) and si(E) are the energy-dependent particle
flux and fission cross-section, respectively. In Eq. (2),
Fi(E) ¼ tji(E) is the energy-dependent particle fluence
integrated over the irradiation time t. In this paper Fi(E)
will be represented as follows

FiðEÞ ¼ NpfiðEÞ (4)

where fi(E) is the energy-dependent particle flux per
incident primary proton on the target and Np is the total
number of primary protons in the course of the target
irradiation.
Neutrons that induce fission in the fission-foils have wide

range of energies (Fig. 5) and angles of incidence with
respect to the normal to the surface of the fission-foils [15].
It is shown that [14] the calibration factor w obtained

using a specific standard neutron field can be applied to an
arbitrary neutron field if in the determination of w and its
subsequent use the mean track density in the track
detectors on both sides of a fission-foil is used.
Using w ¼ (9.9070.3)� 1018 track cm�2 neutron�1 for

thick natural uranium fission-foil and for artificial mica
detector [14] and Eq. (1), the mean track densities were
converted to fission rates. It should be noted that w relates
the track density in the external detector (mica) to the
number of fission events within the fission-foil, regardless
of the type of fission inducing particle. Also it should be
noted that in the experimental determination and MC
calculation of w it was assumed that all fission events are
binary and the number of multiprong fission events is
negligible [14].
In calculating the neutron-induced fission rates in the

MC-FFs we used the following cross-section data:
1.
 At neutron energies Enp20MeV the MCNP dosimetry
data libraries (see Ref. [16]) were used.
2.
 At 20oEnp257MeV the fission cross-section values
given by Lisowski et al. [17,18] were used.
3.
 At energies En4257MeV the fission cross-sections were
calculated using the XSEX3 code from the LCS-code
system [19] which comes with the MCNPX 2.6C code
package. The calculated cross-sections were normalized
to the cross-section value of Lisowski et al. [17,18] at
257MeV.

Fig. 6 shows the 238U(n, f) cross-section as a function of
neutron energy as obtained using the above procedure.
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Fig. 7 illustrates the experimental and calculated
neutron-induced fission rates as a function of the radial
distance R, from the target axis (Z-axis in Fig. 2). As it can
be seen the agreement between the experiment and
calculation is not satisfactory, particularly at radial
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distances corresponding to the target region, i.e.
Rp4.2 cm.
4.2. Proton-, pion-, muon- and photon-induced fission

4.2.1. Proton-, pion- and muon-induced fission

Fission in the uranium samples and in the blanket as a
whole is not only induced by secondary neutrons, but also
by primary particles (protons) as well as other secondary
hadrons and photons. The fission induced by particles
other than neutrons can be partially responsible for the
observed differences between the experimental and calcu-
lated results. Among the secondary hadrons only neutrons
protons and pions are produced in significant numbers.
In these calculations possible fission events that could be

induced by muons [20] have been ignored. This is for
following two reasons. Firstly a very small number of
muons are produced by the primary proton interactions
(0.21muons/proton). Secondly cross-section data tables for
muon-induced fission are not available.
In order to estimate the contribution of proton- and

pion-induced fissions to the observed track densities,
proton and pion fluxes in the MC-FFs were calculated [15].
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Fig. 8. (a and b) Cross-sections for NatU(p, f) and NatU(p, f) reactions (see the text for details). (c and d) NatU(p, f) and NatU(p, f) reactions rates in the

EPT setup as a function of the radial distance from the target axis for five plates at different axial distance Z. The fission rates are expressed in units of

‘‘fission/atom/(1.5GeV p)’’. Lines connecting the data points are drawn to guide the eyes.
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The fission cross-section, for NatU(p, f) was calculated
using the best fit curve to the available experimental data as
described by Prokofiev [21]. The 238U(p, f) cross-section at
different pion energies were calculated using XSEX3 code
and normalized to the experimentally determined 238U(p, f)
cross-section at pion energy of 80MeV [22]. Fig. 8a and b
show the variation of the proton- and pion-induced fission
cross-sections of 238U with the particle energy. In this paper
we will assume that the (p, f) cross-section for 238U and
NatU is the same.

Fig. 8c and d show the calculated NatU(p, f) and NatU(p,
f) fission rates (fission/atom/primary proton) as a function
of the radial distance for all 31 MC-FFs in each plate and
for the five plates at different Z coordinates.

XSEX3 code allows the cross-section calculation at
energies above 20MeV. It is shown that the capture of
pions near nuclear surface results in a deposition of
approximately 80MeV of excitation energy in the nucleus
[20]. Absorption of slow pions by 238U nuclei and the
subsequent fission process is predominantly a symmetric
division of the nucleus (see Ref. [20] and references
therein). Therefore, it is expected that slow and stopping
pions would induce fission in the fission-foils and in the
blanket as a whole. Consequently limiting the pion-induced
fissions to energies above 20MeV (as done in this work)
will under estimate the number of such events.

4.2.2. Photon-induced fission

Fig. 9 shows the energy distribution of the photons in the
blanket as calculated using the MCNPX 2.6C code. As can
be seen the uranium X-ray peaks appear at their correct
energies and spectrum extends to �1GeV. It should be
noted that in MCNPX calculations the correct photon
spectrum will be obtained only when all elementary
particles whose production (and subsequent decay) is
possible at the incident particle energy, are present in the
‘‘mode’’ card and are transported.
In order to estimate the photofission rates, the photon

spectra in the MC-FFs were obtained and photofission
rates were calculated using the photofission cross-sections
given in Refs. [23–27]. Fig. 10 shows the photofission cross-
section of 238U as a function of photon energy. In using the
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Fig. 10. 238U-photofission cross-section as a function of photon energy.

The data were obtained from Refs. [24–28].
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cross-section values (Fig. 10) linear interpolation in log–log
scale between the data points was used. In Fig. 10 the data
points marked with arrows were not used because of their
departure from the general trend of the other data point.
The sum of the calculated induced fission rates by

neutrons, protons, pions and photons in NatU as well as the
experimental results as a function of radial distance for
plates at different Z coordinates is shown in Fig. 11.
As it can be seen, by adding the NatU(p, f), NatU(p, f) and

NatU(g, f) rates to that of the NatU(n, f), the calculated
values for the fission rate at Ro4.2 cm exceed the
experimental results on plates at Z ¼ 0, 11.8 and 23.6 cm
and differences between the experimental and calculations
results become less than those shown in Fig. 7 for all data
points with R44.2 cm in all sample plates.
The experimental results for R-values beyond the target

radius (R44.2 cm) for which the accuracy of the track
density measurements was 4% were used to determine the
deviation of the experiment from the calculation. It was
P2
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Table 1

Contribution of different fission processes to total number of fission events

in the natural uranium blanket

Fission type Fraction of total number of fissions (%)

NatU(n, f) 96.76
NatU (p, f) 1.52
NatU (g, f) 1.32
NatU (p, f) 0.40
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found that the calculated values are on average less than
the experimental results by a factor of 1.2270.14.

Further analysis of the results for the blanket region
suggested that the observed discrepancy between the
experimental and calculated fission rates is systematic
rather than statistical. This is more evident in the log–log
plot of the fission rates as a function of radial distance as
shown in Fig. 11. Apart from the data points with R48 cm
in plate 5, the ratio of the experimental results to their
corresponding calculated values is almost constant for a
given sample plate.

5. Fission-rate distribution along the target axis

Fig. 12 illustrates the variation of the NatU fission rate
with distance along target axis for different radial
distances. The trends and shapes of the distributions for
experimental and calculated results are similar but the
magnitudes of the fission rates are different, as discussed
earlier.

The MC results of the fission rate as function of Z for
each radial distance R can be fitted very well with a third-
order polynomial, from which the position of the
maximum for each distribution can be calculated. The
position of maximum shifts to higher Z-values with
increasing distance R.

6. The overall NatU fission rate in the EPT assembly

The MCNPX 2.6C calculations show that in the whole
system an interaction of one proton of energy 1.5GeV with
Fig. 12. Total fission rate at different radial distances as a function of

distance along the Z-axis for different radial distances, R. Lines

connecting the data points are drawn to guide the eyes.
the target, produces, on average NMC ¼ 49.97 neutrons
(escaped neutrons plus captured neutrons), 8.04 protons
(including the primary proton), 0.54 pions and 822.3
photons and these result in 5.7370.15 fissions in the
natural uranium blanket. Further calculations showed that
contribution of the (g, xn) reactions to the neutron
population in the system is not significant. Table 1 gives
the contribution of each of the particles to total number of
induced fission events in the entire blanket.
An estimate of the total fission rate can be made via

fission rate values calculated for the MC-FFs. We used the
mean value of the fission rates in all MC-FFs along the +Y

and �Y-axes which were beyond the target but were within
the blanket area. We obtained mean number of 5.1570.6
fission per primary proton in the blanket. This value is in
agreement with directly calculated value of 5.7370.15 as
discussed above. Such an agreement indicates that if
adequate number of fission-foils is distributed within a
multiplying medium; the mean fission rate in the system
could be obtained from these foils.
We also calculated the number of fission events in the

blanket using mean value of the fission rates in the
experimental samples in the blanket area. This resulted in
total number of (6.2971.14) fission per incident proton.
The large error of 18% in the experimental value of the
fission rate in the blanket is the consequence of relatively
small number of the samples that were present in the
blanket area (15 samples).
7. Possible sources of errors

Most straightforward explanation of the observed
discrepancy of 22% is possible if the difference between
the experimental and calculated results could be associated
with systematic errors in the calibration factor, w and/or
the total number of primary protons. However on the basis
of the experimental results as given in this paper and those
in Ref. [14] we do not believe this is the case. We thus
examine all possible sources of the errors in the experi-
ments and MCNPX 2.6C calculations separately.
7.1. Experimental errors

In obtaining the experimental results following sources
of error exist.
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Table 2

Net neutron yield and number of fission events in the natural uranium blanket of the EPT setup per incident proton of Ep=1.5GeV

INC physics

model

Fission-

evaporation

model

Net neutron yield

(neutrons/proton)

Neutron induced fission per proton Overall fission per

proton, RMC

RMC/Rexp

Enp20MeV Total

BERTINI RAL 49.97 4.55 5.54 5.73 0.9170.17

ORNL 52.66 4.82 5.85 6.04 0.9670.17

ABLA 52.92 5.02 6.03 6.23 0.9870.18

INCL4 RAL 43.75 3.77 4.88 5.04 0.8070.15

ORNL 45.61 3.98 5.12 5.29 0.8470.15

ABLA 47.07 4.32 5.46 5.65 0.9070.16

CEM03 – 52.91 4.96 5.94 6.14 0.9870.18

Calculations were performed using the MCNPX code with different INC physics and fission-evaporation models.
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7.1.1. The calibration factor w

Because the track densities in the calibration experiments
[14] were in the range of 5� 104 to 1.0� 106 tracks cm�2,
track density measurements with an error of less than 2%
were possible. The other parameters used in determination
of the w were the neutron fluence from standard neutron
sources with well known fluxes having errors of less than
2% and well known experimentally determined, fission
cross-sections for 235U and 238U at energies of thermal and
14.7MeV. The overall error in w was estimated to be 3%.

7.1.2. Track density measurements

The error in the track density measurements is depen-
dent on the track population in a given sample. For track
densities in the range of 104 to 3� 106 the error was 2% at
1s. In these samples more than 2500 tracks per mica
detector were counted. In the samples with track density in
the ranges of (4–7)� 106 and (0.8–2)� 107 the estimated
counting error was 30% and 30–50%, respectively. Such
high error values for these types of samples result from the
fact that in highly populated samples large numbers of
tracks overlap and result in underestimation of the track
densities. This is responsible for the observed under-
estimation of the experimental fission rates in the fission-
foils at Ro4.2 cm in sample plates at Z ¼ 0, 11.8 and
23.6 cm as shown in Fig. 11.

7.2. Errors in Monte Carlo calculations

7.2.1. Effects of the intranuclear cascade and fission-

evaporation models

In the preceding calculations the Bertini intranuclear
cascade and RAL fission-evaporation models have been
used. To examine the effects of all other available models
we preformed the following calculations:
1.
 Net neutron production in the system (captured+es-
caped neutrons) was calculated.
2.
 The fission rate (number of fission events in whole
blanket per incident proton) was calculated for two
energy groups of Enp20MeV and En420MeV. The
cross-section data libraries were same as for earlier
calculation. Number of fissions induced by particles
other than neutron was calculated using the procedures
described in Section 4.2 of this paper.
3.
 Calculations were performed for INC models of Bertini
[11,12], INCL4 [28] and CEM03 [29,30] in combination
with RAL [13], ORNL [31] and ABLA [32] fission-
evaporation models. It should be mentioned that
CEM03 is a self-contained package and fission-evapora-
tion model is built into the code [6,29,30].

Table 2 shows the results. The statistical uncertainties of
the calculations were less than 2%. Although within the
experimental uncertainties all of the calculated overall
fission rates are in agreement with the experimental fission
rate in the blanket (i.e. 6.2971.14), it seems that best
agreement is obtained for the case of Bertini+ABLA
models and the CEM03 model. The last column of the
Table 2 gives the ratio of the calculated values of the fission
rate, RMC to the experimental fission rate Rexp in the
blanket. It was found that if Bertini+ABLA models were
used instead of Bertini+RAL models then the deviation
between the experimental and calculated fission rates in the
foils in the blanket region will be reduced from 2270.14%
to 1370.09%.
7.2.2. Effects of the beam centre position

The error in beam centre coordinates (Xc, Yc) on the
target cannot exceed half of the width of the lead–mica
sandwich sample placed at the centre of the plate 1
(i.e. 0.35 cm). In order to investigate the effects due to
variation in the beam centre coordinates on the calculated
fission rates and their spatial distribution, several calcula-
tions with different (Xc, Yc) sets were performed. Fig. 13
illustrates the fission-rate distribution along the Y-axis on
plate 5. The vertical axis in Fig. 13 refers to the sum of
neutron, proton, pion and photon-induced fissions in the
MC-FFs. This figure shows the fission rates for cases in
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Fig. 13. Total induced fission in U-foils of the plate 5 (Z=47.2 cm) for

three different beam centre coordinates of (0, 0), (0, 0.5) and (0, 1). Lines

connecting the data points are drawn to guide the eyes.

S.R. Hashemi-Nezhad et al. / Nuclear Instruments and Methods in Physics Research A 591 (2008) 517–529 527
which the beam centre is moved in positive Y-direction
(along which the experimental samples were positioned).

Calculations showed that on the average, fission rates in
samples along the +Y-axis and in the blanket area increase
by 5.5% for Xc ¼ 0, Yc ¼ 0.5 cm; 4% for Xc ¼ 0.5,
Yc ¼ 0.5; and 11.8% for Xc ¼ 0, Yc ¼ 1 cm as compared
with the case of Xc ¼ 0, Yc ¼ 0 cm.

Therefore considering the possible error in the values of
the beam centre coordinates (0.35 cm) we conclude that
errors on Xc and Yc cannot introduce more than 5% error
in the calculated fission rates.

7.2.3. The beam angle with respect to the target axis

If the target axis was not perfectly parallel with the
proton beam axis then this will cause the beam centre to
move away from the target axis with different amounts at
different Z-positions along the target, regardless of how
perfectly the beam centre coincides with target centre at
Z ¼ 0 cm. Assuming an angle of 0.5–11 between the beam
and target axes on plane YZ (Figs. 1a, 2c and 4b), which
must have been easily detectable in the course of the
experiment setup and beam alignment, the maximum beam
centre shift will be 0.41–0.84 cm at the position of the plate
5 (Z ¼ 47.2 cm). Calculations showed that such an error on
the beam direction cannot cause an average error of more
than 5% on the calculated fission rates.

7.2.4. Effects of neutron energy spectrum

Obviously the neutron energy spectrum and its hardness
at the position of the MC-FFs and in the blanket as a
whole can affect the fission rates. The neutron spectrum
within the blanket is determined by (1) the spallation
neutron spectrum, (2) the uranium fission neutron spec-
trum, (3) the spectrum of neutrons from (n, xn) reactions
and (4) the material present in the setup and to some extent
by the material present in the laboratory environment. In
the calculations one can introduce error only via variations
in the material compositions and their geometrical
arrangements in the code. The Pb target and uranium
blanket were properly built into the code as is evident from
Fig. 4. Only some minor approximations were introduced
on the geometrical arrangements of the granulated poly-
ethylene shield around the target and on the laboratory
environment and its content (cf. Fig. 1a and b with Fig. 4b
and a, respectively). Effects of these approximations on the
calculated fission rates will be investigated in the following.
To examine the effects of the granulated polyethylene

(around the target–blanket assembly) on the NatU fission
rate in the blanket the average density of granulated
polyethylene (0.7 g cm�3) was altered and the fission rate in
the blanket was calculated.
Calculations showed that a variation of the polyethylene

density from 0.5 to 0.9 g cm�3 (i.e. changing of its mass
from 215 to 388 kg) does not change the neutron-induced
fission rate in the natural uranium blanket by more than
the statistical uncertainties of the calculations which were
less than 3%. At the extreme case when all material around
the target–blanket was totally removed (see Fig. 5b) the
neutron-induced fission rate in the blanket was reduced
only by 7.3% presumably due to fission in the 235U
component of natural uranium.
In our calculations we added a heavy concrete spherical

shell of diameter 8m and two different thicknesses of 0.5
and 1m around the EPT setup to take into account the
effects of material present in the laboratory and in the walls
of the irradiation hall on the neutron spectrum and the
calculated fission rates. In both cases this addition did not
alter the results noticeably.
8. Conclusions

The fission rate of the NatU in the ‘‘Energy plus
Transmutation’’ subcritical experimental setup was mea-
sured using fission track technique for incident proton
energy of 1.5GeV. MCNPX-2.6C code was used for
transport and simulation of the interactions of the primary
and secondary particles in the system.
It is shown that proton-, pion- and photon-induced

fissions contribute significantly to the total fission rate in
the samples within the target volume and its immediate
vicinity. The contribution of protons-, pions- and photon-
induced fissions to the overall number of fission events in
the blanket does not exceed 1.52%, 0.40% and 1.32%,
respectively.
On the basis of the experimental and theoretical results

given in this paper, it is evident that in the EPT setup the
fission rate of the NatU in the blanket is not too sensitive to
the modifications introduced to the neutron energy
spectrum because of the materials beyond the Cd shielding
(Fig. 1). This is due to the fact that, because of the small
size and material composition of the target–blanket and
samples present in the setup, the neutron energy spectrum
is not significantly changed by these modifications.
Obviously this will not be the case for isotopes such as
235U for which fission cross-section in the thermal,
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epithermal and resonance regions of the neutron spectrum
is much higher than that for the NatU.

The beam centre coordinates affect the spatial distribu-
tion of the secondary particles in our experimental setup;
however, this effect will not be too important when targets
with larger diameters are used (especially for positions
beyond the target radius), a situation expected to be the
case in a realistic ADS.

It is shown that MCNPX 2.6C code prediction of the
fission rate is consistently lower by 2270.14% than the
experimental value for the fission-foils placed in the
blanket region, when Bertini and RAL models are used
in the calculations. This deviation reduces to 1370.09%
when the Bertini and ABLA models or CEM03 model are
used instead.

From the experimental fission rate measurements, the
total number of fission events in the whole blanket was
estimated as 6.2971.14 (fission/proton), which is
2270.14% higher than the value calculated using the
MC-FFs and (Bertini+RAL) models. Direct calculation of
fission rate in the blanket using different INC and fission-
evaporation models given in Table 2 showed that best
agreement between the experiment and calculation is
obtained when Bertini INC model in combination with
ABLA fission-evaporation model are used. Also the MC
results obtained using CEM03 INC model are in good
agreement with the experimental results.

The ‘‘Energy plus Transmutation’’ setup that is used in
these experiments provides a unique neutron field which is
extended from thermal to relativistic energies. The neutron
field in EPT is composed of spallation neutrons with energy
spectrum modified to some extent by the EPT environment
and fission neutrons. Presence of the polyethylene and Cd
shielding around the target–blanket system enhances the
number of neutrons at resonance energies (especially on
top of the uranium blanket) which is extremely important
for nuclear waste transmutation purposes. As a result EPT
setup provides an excellent neutron environment for testing
the Monte Carlo codes.

The comparison and agreement of the experimental and
MC results reported in this paper indicate that the fission
track technique along with accurately determined calibra-
tion factor provides a correct method for determination of
fission rate in a nuclear assembly. Knowledge of fission rate
in a multiplying system is essential for determination of
effective neutron multiplication coefficient particularly in
accelerator-driven systems which are intended to operate in
subcritical conditions.
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