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Abstract

The n_TOF is a 180 m long neutron time-of-flight facility being built at CERN [1]. The aim of the
experiment is to measure with high accuracy neutron-induced reaction cross-sections in nuclei relevant
to ADS and Transmutation, as well as to Astrophysics. The neutrons are produced by spallation in a
massive lead target using the 20 GeV/c CERN-PS proton beam. It is foreseen that its operation will
start by fall 2000. An overview of the design of installation will be reported, putting special emphasis
on those aspects particular to the n_TOF: the excellent energy resolution and the high-energy spectrum
of the neutrons.

Most of the samples relevant to ADS and transmutation are radioactive and available only in reduced
amounts of high purity. This introduces some constraints to the beam optics that have to be
considered. It will be shown how the design of the neutron beam line has been adapted to the sample
dimensions, in order to preserve the features of the installation and at the same time allow clean
experiments.

Another challenge in the n_TOF design is coming from its geometry. The beam line is located inside a
closed tunnel, which has certainly a great impact in the reduction of the background. This becomes of
particular importance in the attenuation of high-energy neutrons (up to several GeV), since they can
traverse through large amounts of materials producing many secondary particles. It will be illustrated
how the design of the collimation system and shielding elements along the beam line guarantees
acceptable neutron and gamma backgrounds at the measuring station, providing in this way a clean
environment for the detectors.
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1. Introduction

Among the large number of topics relevant to the design of the n_TOF facility at CERN, a
question of primary importance from the experimental point of view is the determination and
definition of the characteristics of the installation. The time-of-flight (TOF) measurements require a
geometrically well-defined neutron beam at the sample position and the absence of backgrounds.
Moreover, the neutron beam has to be adapted to the size of the samples, which is limited by the
available amounts of high purity materials, by the target construction procedure and also by their
intrinsic radioactivity (in case of unstable isotopes). The neutron beam has to be compatible with the
requirements coming from the various proposed experimental techniques. The experimental
programme of the n_TOF project covers a wide range of measurements summarised as follows:

•  (n,γ) cross-section measurements with C6D6 detectors (in a first phase) and with a total
absorption 4π calorimeter (in the second phase).

•  (n,f) cross-section measurements with Parallel Plate Avalanche Chambers (PPAC).

•  (n,xn) cross-section measurements with Ge or Si detectors.

Even though many sources of background can be highly suppressed through the time-of-flight
tagging, those background events having a time correlation similar to the neutrons may not be rejected
and may severely distort the measurements. Such background sources can be classified in two
categories: i) neutron reactions at the sample without the proper time-energy relation and ii) signals in
the detectors (produced by photons, neutron recoils or other particles) not originating from the reaction
under study. In the first case, the background can be highly reduced by designing the optical and
shielding elements (beam tube, collimators and walls) of the neutron beam line. The second
background species are also reduced in this way, but in addition the number of secondary reactions (of
neutrons and charged particles) has to be minimised also at the experimental area and its vicinity. The
n_TOF collaboration has dedicated a big effort to the studies needed for the definition of the neutron
beam design. Such studies covered a large spectrum of issues that can be summarised as follows:

•  Study of the neutronic properties of the spallation target. In particular, production rates, the
energy, the time, the spatial and the angular distribution of the neutrons.

•  Study and design of the beam optics, i.e. beam tube and collimators.

•  Design of the necessary shielding elements, which guarantee clean experimental conditions.

It should be emphasised that all these investigations were made under the scope of providing
optimal conditions to the measurements, according to the following directives:

•  The neutron beam size should have a radius as small as 2 cm, given the availability of the
samples, its intrinsic radioactivity, the overall detection efficiencies and the experimental
requirements arising from the capture (both the C6D6 detectors and the 4π calorimeter), the
fission and the (n, xn) measurements. However, further developments are considered in order
to adapt the beam characteristics to particular measurements by studying and designing
variable size collimators.

•  Design the corresponding beam optics (beam tube and collimators) such as to achieve neutron
and gamma backgrounds by order of magnitudes lower than the beam flux.

•  Define the shielding elements such, as to improve the background attenuation and respect at
the same time the conditions imposed by the CERN safety rules, which impose the
accessibility and emergency escape paths of the installation.
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The realisation of the present design implied complex and time consuming Monte Carlo
simulations, in order to achieve quantitative solutions. Several codes based on different models and
evaluated cross-section libraries, were used for this purpose (FLUKA [2], MCNPX [3], GEANT3 [4],
GEANT4 [5] CAMOT [6] and EAMC [7]) and the results have been cross-checked among them, in
order to asses their reliability. In this sense, our studies represent on themselves a benchmark between
the most advanced codes available in neutron physics today.

2. The spallation source

A detailed description of the properties of the lead spallation target can be found in [8]. This
section is devoted only to those characteristics of the target that have an impact to the definition of the
neutron beam. The study of the CERN neutron source had, among others, two major goals:

•  To evaluate the most relevant properties of the spallation source, such as the flux and its
spectral function.

•  To parameterise these properties in order to implement them in time efficient, but realistic,
Monte Carlo simulations, necessary for most of the studies.

The neutron energies at the n_TOF extend closely up to 20 GeV due to the 20 GeV/c momentum
of the PS proton beam. A FLUKA Monte Carlo simulated energy spectrum of the neutrons at the exit
of the water moderator of the spallation target, is shown in Figure 1. The 38% of the neutrons emerge
with energies below 0.3 eV. The range from 0.3 eV to 20 keV accounts for 23% of all neutrons and
evidences almost exact isolethargic behaviour, as a consequence of the moderation in the water.
However, a significant fraction 32% of the neutrons have energies between 20 keV and 20 MeV, and a
further 7% extends above 20 MeV. Such a hard component, the signature of the spallation reactions,
differentiates substantially the neutron energy distribution at the CERN facility from those of
alternative neutron production mechanisms used in other neutron TOF facilities.

Figure 1. Energy distribution (normalised to area unity) of the neutrons
at the exit of the Pb target after the water moderator
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The simulation of the spallation process is excessively time-consuming for high-energy protons.
An event generator appears to be necessary in order to perform effectively all calculations [9]. For this
purpose, the interactions of the 20 GeV/c protons with the Pb spallation target (80 ×80 × 40 cm3) were
simulated by means of FLUKA [2] and EAMC [7]. A very detailed geometry of the target, the
surrounding water moderator, the mechanical parts and the shielding was included. The position,
energy, time and the direction cosines of the particles emanating entering into the TOF tube were
recorded on a data summary tape (DST). We report here on the results obtained for the neutrons, but
details about other emerging particles can be found in [8]. By taking the TOF tube as the z axis in a
co-ordinate system, the proton beam lies in the y/z plane and enters into the target at x = y = 0 cm and
z = -40 cm, forming an angle of θ = 10º with respect to the z-axis. Such an incident angle balances the
intensity losses in the neutron beam and its contamination due to high-energy charged particles, γ-rays
and others. However, it introduces an asymmetry in the spatial distribution of the neutron source along
the y-axis. The analysis of the DST provided the one-dimensional probability distributions of the
neutron x- and y-positions, p(x) and p(y), the angular distributions of their momenta, p(θ) and p(φ), the
time, p(t), and the energy, p(E), distributions. It was found that all single-variable distributions were
strongly correlated with the neutron energy, and thus, its parameterisation was made as a function of
the energy. Some illustrative examples can be found in Figure 2. In the upper left corner, the energy-
time relation can be observed. Such relation is the working principle of the TOF measurements, since
it links the time of flight with the initial neutron energy.

Figure 2. Upper left: Time-energy relation of the spallation neutrons.
Upper right: x and y projections of the spatial distribution of neutrons

with energies between 1 MeV and 10 MeV. Lower left: cos(θ) distribution for
neutron energies between 10 keV and 100 keV. Lower right: φ distribution for

neutron energies between 100 MeV and 1 GeV.
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In the upper right corner of Figure 2, the x and y spatial distributions for neutron energies
between 1 MeV and 10 MeV are shown. Both distributions are clearly not uniform and present
pronounced peaks with similar r.m.s. values. It can also be observed that the centroid of the
y-distribution is displaced towards positive values, while the x-distribution remains centred in x = 0.
The displacement varies with the neutron energy ranging from 4.1 cm, for energies below 1 eV, to
6.6 cm, for energies between 10 MeV and 100 MeV, and 9.8 cm for energies above 1 GeV. The r.m.s
of both distributions presents also energy dependence. For neutron energies below 1 eV, a broad
distribution is obtained with a r.m.s of 15.9 cm. The width reduces to 12.9 cm for energies between
1 MeV and 10 MeV and gets its smallest value of 5 cm for energies above 1 GeV.

In the lower left corner, the cos(θ) distribution for energies between 10 keV and 100 keV is
shown. It can be observed that the distribution is not uniform and that there is a clear preference of the
neutrons to be emitted in the forward direction. The effect is enhanced for highest neutron energies.
However, if only small emission angles of the neutrons are considered (θ <<1º), the overall effect can be
treated as a global normalisation between the number of neutrons emitted in all θ directions and the
neutrons emitted with cos(θ) values close to 1. The lower right corner of Figure 2 shows the
φ distribution for neutron energies between 100 MeV and 1 GeV. It can be seen that these neutrons are
emitted more likely in the φ = 90º direction of the proton beam. The tendency is enhanced for neutrons
above 1 GeV, which has the positive consequence of reducing the background produced by them close
to the experimental area, situated 185 m downstream. However, the φ distributions for neutron
energies below 100 MeV present a uniform behaviour. This allowed parameterising the neutron source
to first order as the product of the single-variable distributions depending on the energy for the
purpose of an event generator.

3. The beam optics

The optical elements of the installation are the beam pipe and the collimating system. The beam
pipe defines the interaction-free transport medium where the neutrons can travel in vacuum up to the
experimental area. A telescopic design was adopted for the pipe so that the tube does not intercept the
neutrons arriving at the measuring station (185-200 m downstream): i) a first section being 70 m long
with 80 cm diameter, ii) a second section being 68.4 m long with 60 cm diameter, and iii) a third
section being 61.4 m long with 40 cm diameter. On the other hand, the collimating system is of
fundamental importance as a background reduction element (shielding) and for providing a neutron
beam of well defined size.
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Table 1. Parameters of the two collimators. The z co-ordinates are referred to
the exit face of the Pb target. The samples are assumed to be placed at

z = 185 m, where the beam has a spread of 2 cm radius or 4 cm diameter.

Design of the first collimator

Material
Internal
radius
(cm)

External
radius (cm)

Initial z
coordinate (m)

Final z coordinate
(m)

Length (m)

Part 1 Iron 5.5 25 135.54 136.54 1
Part 2 Concrete 5.5 25 136.54 137.54 1

Design of the second collimator

Material
Internal
radius
(cm)

External
radius (cm)

Initial z
coordinate (m)

Final z coordinate
(m)

Length (m)

Part 1 5% borated
Polyethylene

0.9 20 175.35 175.85 0.5

Part 2 Iron 0.9 20 175.85 177.1 1.25

Part 3 5% borated
Polyethylene

0.9 20 177.1 177.85 0.75

From pure geometrical considerations, it can be realised that a beam of 2-cm radius at 185 m can
be prepared if and only if the spallation target has a lateral size of almost 20 cm. This can be achieved
by the use of an additional collimator which partially screens the Pb target. It should be pointed out
that the spallation target should be considered an object consisting by two parts of the same material.
A central cylindrical part of 20 cm radius representing the main part of the Pb spallation source is
surrounded by an Pb reflector forming thus together an object of 40 cm radius, the actual TOF target.
The advantages of Lead as spallation source and efficient reflector are well established [10]. It has
been observed by Monte Carlo simulations that the neutron flux at energies below 1 MeV is increased
about 50% due to this Pb reflector. The source screening by the additional collimator reduces the
neutron flux, since the complete Pb target is no longer visible from the sample position through both
collimators. However, this effect is less significant as naively expected, because the spatial distribution
of the emanating neutrons is not uniform, but peaked at the centre of the Pb target. Moreover, the use
of two collimators turns out to be the most effective way of reducing the neutron and γ background in
the experimental area. The screening of the neutron source reduces by one order of magnitude the
number of neutrons hitting the second collimator, which represents the strongest source of background
observed therein.

The position and inner diameter of the two collimators were optimised [11] by minimising the
losses in flux and by leaving the possibility of future upgrades (already under study) open. In
particular, the study considered explicitly a first collimator that is also appropriate for producing
neutron beams of 8 cm diameter (or even broader). The optimal configuration is described in Table 1.
The first stage consists of a 2 metres long collimator (Source Screening Collimator, SSC) at 135.54 m
from the Pb target and with an inner aperture of 5.5-cm radius. The second stage is a 2.5-m long
collimator (Beam Shaping Collimator, BSC) at 175.35 m from the Pb target and with an inner aperture
of 0.9-cm radius. Such a configuration provides a neutron beam of 4-cm diameter at the sample
location, 185 m downstream from the Pb target.



689

Figure 3.  Top view of the area where the BSC is located
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The optimal composition of the collimators was investigated as a separate issue by Monte Carlo
simulations [2,3,4]. The best results were achieved when a combined or “sandwich-like” collimator is
used [12]. In order to moderate the neutrons with energies below 20 MeV, a 40-50 cm long segment

made of an hydrogen-rich compound doped with a neutron absorber (borated polyethylene – CH 2
B  –

in our case) was found to be very efficient. On the other hand, the neutrons above 20 MeV can not be

efficiently stopped in CH 2
B . A 1 m long segment of an intermediate Z material (natural iron in our

case) was found to be necessary and optimal for moderating, through elastic and inelastic scattering,
the high-energy part of the TOF spectrum. For this reason, the SSC consists of a 1 m of iron and a 1 m
of concrete cylindrical segments. A much more careful design was made for the BSC, only 5-7 m
away from the measuring station, where the lowest background rates are required. Thus, a design

based on three segments was adopted. The first part of the BSC, made of 50 cm of CH 2
B  moderates

and captures most of the neutrons below 20 MeV. The second part, made of 1.25-m iron, moderates
and diffuses the high-energy neutrons below 20 MeV. The third part of the BSC, made of 75 cm of

CH 2
B  moderates and captures the neutrons scattered in the preceding iron segment.

4. The shielding elements

Several shielding elements have to be placed outside the TOF tube in order to bring the
background at the experimental area to an optimal level. It has been observed by Monte Carlo
simulation that it is of crucial importance to avoid high-energy neutrons (above several tens of MeV)
reaching the vicinity of the experimental area and produce secondary particles. Thus, the best strategy
is to take profit of the geometrical factor, by placing the shielding elements as far away as possible
from the measuring station.
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Figure 4. Radial distribution of the neutron beam profile and the neutron background at the
sample position. The values correspond to the neutron fluence through concentric cylinders:
the first 20 cylinders with radial increments of 1 cm and the last 7 as indicated in the figure.

10
-12

10
-11

10
-10

10
-9

10
-8

10
-7

10
-6

10
-5

5 10 15 20 25
region number

ne
ut

ro
n 

flu
en

ce
 (

n/
cm

2 /M
C

N
P

X
 n

 w
ith

 θ
=

0.
22

34
1)

be
am

 o
f 2

 c
m

 r
ad

iu
s

 B
ea

m
 p

ip
e 

(1
9.

84
4 

- 
20

 c
m

)

 A
ir 

(2
0 

- 
40

 c
m

)

 A
ir 

(4
0 

- 
60

 c
m

)

 A
ir 

(6
0 

- 
80

 c
m

)

 A
ir 

(8
0 

- 
10

0 
cm

)

 A
ir 

(1
00

 -
 1

65
 c

m
)

 A
ir 

(1
65

 c
m

 -
 w

al
l )

background

The first important shielding element is the pipe itself. Several tens of metres after the Pb target,
the incidence angle of the neutrons hitting the pipe is small and the effective length of material seen by
the neutrons is large. In this way, a large fraction of the neutrons are deviated from its initial trajectory
and produce background in the upstream half of the tunnel. Due to the telescopic structure of the pipe,
the places at the diameter reductions (80 cm to 60 cm and 60 cm to 40 cm) should be reinforced, since
the neutrons traverse the pipe almost perpendicularly. At these positions, the pipe was covered after
the reduction with 1-m thick external iron cylinders.

The second important shielding element is the first collimator (SSC) starting at 135.54 m. Such a
strong scattering centre had to be shielded by a 3 m concrete wall. After the SSC, the neutron beam
divergence is small and the neutrons do not hit the pipe before the second collimator (BSC). The 2.5 m
long BSC diffuses and moderates very efficiently the whole neutron spectrum. However, it is a strong
scattering centre that has to be efficiently shielded by a 3.2-m thick wall, placed 1 m
beam-downstream. Figure 3 shows the top view of the area in scale, where the BSC is located, as has
been designed for the MCNPX simulations. The 2.5-m long BSC is observed on the left-hand side of
the 3.2-m concrete wall. Also visible is the chicane, a necessary escape path in case of emergency. The
impact of this shielding opening on the background at the sample position was studied with
Monte Carlo simulations.

The neutron beam profile and background at the sample position is shown in Figure 4. All the
values correspond to the neutron fluence of concentric cylinders: the first 20 values with radial
increments of 1 cm and the last 7 as indicated in the figure. The first two bins correspond to the main
neutron beam, which has a radius of 2 cm. The remaining bins correspond to the background level at
the different places. It can be seen that the neutron background is on average at the level of
2·10-12 n/cm2 per neutron emitted from the Pb target with a θ angle smaller than 0.223º. Such a value,
when compared to the beam fluence of 2·10-5, leads to a background to signal ratio of 10-7. This
background level is of the same order than the background of scattered neutrons produced at 15 cm
from a 10 mg 235U sample placed in-beam. A similar result was found for the γ background produced
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by neutron reactions. The level reached at a separation of 7 metres from it is 10-7 times smaller than
the neutron beam shown in level by another by factor of ten. Such a value is comparable to the
gammas emitted by a 10 mg 235U sample. At 15 cm distance, the γ fluence is also seven orders of
magnitude below the neutron beam fluence. As a general remark, it should be noticed that applying the
necessary time of flight cuts would reduce the background levels shown in this section. In addition,
several possibilities of reducing the neutron and γ background in the experimental area were also
investigated. From the Monte Carlo simulations with GEANT and MCNPX, it was early observed that
covering the walls with some neutron moderator and γ shielding could diminish the background level
by another factor of ten.

Figure 5. Various projections of the beam profile at 5 and 7 metres after
the BSC´s for 1 keV neutrons
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Beam profile at 5 metres after the 2nd collimator
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5. The beam at the experimental area

The neutron beam at the first phase of the n_TOF operation will have a maximal spread of 2-cm
radius. Although the maximal size of the beam does not depend on the neutron energy, due to the
energy dependence of the neutron spatial distributions at the exit of the Pb target, the beam profile at
the sample position does also depend on the energy. The beam profile has been calculated by the
geometric transport through the collimators for different neutron energies. Figure 5 shows various
projections of the beam profile for 1 keV neutrons at several positions after the BSC. It can be
observed from the radial projection in Figure 5 how the beam spread at 7 m after the BSC’s end is
inside the desired limit of 2 cm. However, it should be noticed that 5 m after the BSC, the beam spot is
smaller and has a diameter of 3.2 cm. Thus, it remains to the particular experiment to decide which
beam size has to be adopted.

It has been calculated by Monte Carlo simulations (FLUKA [2]) that for a PS bunch of 7·1012

protons, the fluence in absence of collimators is of 7·105 n/cm2. With the described collimating system,
the fluence amounts to 1.3·105 n/cm2 per proton bunch, which is smaller by a factor of 5. It should be
emphasised that this loss in fluence is sine qua non to the definition of a neutron beam and a TOF
facility fulfilling the requirements and providing the clean conditions necessary for experimentation.
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6. The neutron escape line

The common experimental situation is that most of the neutrons in the beam do not interact with
the samples. They continue its path undisturbed until it is finally interrupted by any interposed
construction element. Such neutrons are a potentially dangerous source of background, since their
interactions with the surrounding materials in the vicinity of measuring station can interfere with the
experiments. It is necessary that they continue unperturbed its travelling for a long distance before
being scattered. A typical solution adopted at other TOF facilities is to have an experimental area of
large dimensions (several tens of metres). There the neutrons can travel (in air or vacuum) a long path
before being scattered and finally absorbed. In addition, the background introduced by them can be
highly suppressed by the TOF tagging, since the escape path is usually comparable (or larger) in
length than the TOF distance.

Figure 6. Geometry of the neutron escape line as included in the MCNPX simulations
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However, the particular situation at the n_TOF makes the mentioned strategies difficult to be
applied. First, the facility is located inside a small closed cave, which limits severely the size of the
experimental area. Second, the TOF tube hits the ground at 200 m from the Pb target, just 15 m after
the measuring station. This situation introduces an unavoidable source of background close to the
measuring station. Third, such a distance is much smaller than the 185 m TOF flight path, which
affects the suppression capabilities of the time tagging. Fourth, the high-energy component of the
neutron energy spectrum. All this considerations make preferably to design a neutron escape line and a
beam dump at its end (properly shielded) instead of having the uncontrolled collision of the neutron
beam with the floor at 200 m. Additional motivations for the neutron escape line from radio-protection
considerations have not been studied.
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The geometry of the beam dump proposed and included in the simulations can be seen in
Figure 6. At the leftmost part of the figure, the sample position at 185 m from the Pb target is marked
by a dashed line. After it, the unperturbed fraction of the neutron beam continues its travelling in
vacuum for another 11 m, inside an aluminium pipe. It is worth to mention that the tube considered in
our study has a diameter of 20 cm, which is larger than really necessary. As it is shown in Figure 6, the
neutron beam has a maximal spread of 8 cm diameter at 200 m, which would allow the use of a
smaller pipe diameter. However, in order to make sure about the conclusions, it is preferable to know
that the number of neutrons backscattered at the beam dump is even acceptable for a broader tube
(larger geometric acceptance).

After the 11 m flight path, the neutrons cross a 1 mm thick tube end cup and enter into air.
Several materials for the tube end cup have been studied: 1 mm of Al, 1 mm of natural Fe, 1 mm of
carbon fibre and also the ideal case of no end cup (only vacuum). The MCNPX [3] Monte Carlo
simulations revealed no influence of the end cup election on the background distribution at the sample
position.

After the vacuum pipe and 50 cm of air, the neutrons first enter into a 40 × 50 × 50 cm3

polyethylene block followed by a 2 m thick concrete wall. The polyethylene block has two main
purposes. First, it preferences the scattering of the neutrons in the forward direction, thus reducing the
background in the upstream area. Second, it is the frame for a monitoring detector array based on three
BF3 detectors. The 2-m thick concrete wall behind the polyethylene block is in charge of further
moderation and absorption of the neutrons. Only the neutrons of highest energies, above several tens
of MeV are capable to cross it.

In order to minimise the number of scattered neutrons entering back into the experimental area, a
1.6-m thick concrete wall is interposed in their way. The wall is placed at 7 m from the sample
position, as far as possible from the point of view of the neutron and γ background. Also visible in
Figure 6 is the 80 cm broad opening in the wall, necessary from the point of view of safety.
Nevertheless, the opening is covered by an additional 80-cm thick concrete shielding forming a
chicane. By keeping the distance of this shielding to the centre of the pipe, also 80 cm, the neutrons
can go through the wall opening only after having suffered more than one interaction.

It should be said at this point that the geometry of the tunnel described in Figure 6 is only an
approximation to the real one. The curvature of the tunnel and its slope were not included. However, if
the distances marked in the figure are kept as they are, the results for the real geometry must be the
same or better, since the approximations made were always done by following the tendency of
increasing the background at the experimental area. Moreover, the geometry described in Figure 6
allows further improvements, because the dimensions of the present shielding elements are not at its
practical limits. For example, there is still space for enlarging them or moving all the shielding
elements 2 metres away from the sample position. However, the present configuration provides
already satisfactory results.
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Figure 7. Neutron background at the sample position. The values correspond to the neutron
fluence through concentric cylinders: the first 20 cylinders with radial increments of 1 cm

and the last five as indicated in the figure.
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The lower part of Figure 6 is an enlarged view of the beam dump at the end of the neutron escape
line. Three commercially available BF3 detectors are embedded on the polyethylene block forming a
long counter [13]. The hole of 4-cm radius is only necessary for the BF3 long counter working
principle. The main goal of this monitoring set-up is to control possible variations in the gross
properties of the neutron beam such as its intensity or its position. Figure 7 shows the radial
distribution of the neutron background at the sample position. All the values correspond to the neutron
fluence through concentric cylinders: the first 20 values with radial increments of 1 cm and the last
five outside the pipe as indicated in the figure. Such a background can be compared directly to the
previously shown in Figure 4. Two different components can be observed. The first one corresponds
to the initial 10 bins and accounts for the neutrons scattered at the beam dump and travelling back
inside the pipe. Such a background can be considered as a negligible contamination of the beam of
1 part in 106 (see Figure 4 to compare with the main beam). A suppression if this background can be
achieved by placing a sheet of Cd in front of the polyethylene block. The second component is the
neutrons travelling outside the pipe, which arrived at the experimental area either by crossing the tube
hole or the opening in the wall. This background is at the same level as the one in Figure 4, that is,
seven orders of magnitude below the main neutron beam. The energy distribution of the background at
the sample position shows that 95% of the neutrons have energies below 1eV. In order to investigate if
such neutrons are coming from the moderation of higher energy neutrons or had initially thermal
energies, a Monte Carlo simulation was performed with an energy spectrum starting at 1 eV. The
result is that 53% of the thermal neutrons at the sample position are produced by neutrons of energies
higher than 1 eV. The other 47% is already originated by neutrons with initial thermal energies. This
implies additional background suppression because the neutron energy spectrum at the sample position
is affected at energies below 0.1 eV because of gravitation. In fact, gravitation will make that the
thermal neutrons emitted from the Pb target fall down along the TOF path of 200 m and do not reach
the samples. The Monte Carlo simulations revealed also that at the sample position, the γ background
due to the beam dump is at least 7 orders of magnitude below the main neutron beam.
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FROM 0.1 EV TO 40 KEV AND SELF-SHIELDING EFFECT EVALUATION
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Abstract

Research on ADS, related new fuels and their ability for nuclear waste incineration leads to a revival
of interest in nuclear cross-sections of many nuclides in a large energy range. Discrepancies observed
between nuclear databases require new measurements in several cases. A complete measurement of
such cross-sections including resonance resolution consists in an extensive beam time experiment
associated to a long analysis. With a slowing down spectrometer associated to a pulsed neutron
source, it is possible to determine a good cross-section profile in an energy range from 0.1 eV to
40 keV by making use of a slowing-down time lead spectrometer associated to a pulsed neutron
source. These measurements performed at ISN (Grenoble) with the neutron source GENEPI requires
only small quantities of matter (as small as 0.1 g) and about one day of beam by target.

We present cross-section profile measurements and an experimental study of the self-shielding effect.
A CeF3 scintillator coupled with a photomultiplier detects gamma rays from neutronic capture in the
studied target. The neutron flux is also measured with a 233U fission detector and a 3He detector at
symmetrical position to the PM in relation to the neutron source. Absolute flux values are given by
activation of Au and W foils. The cross-section profiles can then be deduced from the target capture
rate and are compared with very detailed MCNP simulations, which reproduce the experimental
set-up and provide also capture rates and flux. A good agreement between experimental and
simulated profiles for well-known cross-sections like Au for different thicknesses is found in our
energy range, and therefore validates the method and the taking into account of self-shielding effects.

The method is then applied to 232Th, of main interest for new fuel cycle studies, and is complementary
to higher energy measurements made by D. Karamanis et al. [1] (CENBG). Results obtained for three
target thicknesses will be compared with simulations based on different data bases. Special attention
will be paid to the region of unresolved resonances (>100eV).
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1. Introduction

At the dawn of XXI century, energy is a crucial problem to study. By 2050, it is predicted the
energy demand will double. In the same time, some greenhouse effect emission scenarios predict
approximately the same increase. The nuclear energy contribution in the energy production represents
4.5%. Nuclear utilisation and further development can be one of the possible responses to the increase
of energy demand and the greenhouse effect limitation.

However, it is necessary to minimise the radioactive waste production such as actinides and
long-lived fission products and this can be obtained by using the 232Th/233U fuel cycle, in an accelerator
driven system or critical reactors.

But a good prediction for this new way of producing energy is strongly dependent of the material
neutronic properties and more particularly the 232Th capture cross-section for the fuel.

In the present work, an experimental method is proposed that carries out a validation of available
databases. A lead slowing down spectrometer coupled with a neutron pulsed generator allows to
measure reaction rates (n,γ) or (n,f) over a wide energy range from 0.1 eV to 40 keV for different
thicknesses of material. Experimental data are then compared with precise simulation calculation
using ENDF/BVI, JEF2.2 and JENDL3.2 databases.

The gold results for which the capture cross-section is well know, provides a validation of the
method for three different thicknesses. Tantalum, indium and thorium data for three thicknesses (for
self-shielding effect studies) are presented. The accuracy of the validation method is estimated to be
around 5%. From 0.1 eV to 300 eV, it is shown that predictions of reaction rates using the different
databases agree between themselves and with the experimental data. From 300 eV up to 40 keV
discrepancies between database predictions can be as large as ±20%. The experimental data allow to
either indicating the best databases to be used, or the need to measure again the cross-section in a
certain energy range. For the 232Th, experimental capture rate data agrees with the prediction of
ENDF/BVI and JEF2.2 bases within 5%.

2. The experimental set-up

2.1 The neutron source

This accelerator has been specially designed for neutronic experiments taking place in the
nuclear reactor MASURCA located at CEA Cadarache Centre (France). In fact, for these experiments
the neutron pulse length must be of the order of the neutron lifetime in a fast reactor. The pulse
intensity must be as big as possible.

The GENEPI (GEnérateur de NEutrons Pulsés Intense) produced fast pulses. The pulse duration
is typically 1.0 µs. Deuterons are produced by a duoplasmatron source, especially studied for a pulsed
use. The frequency can vary from a few Hz up to 5 000 Hz. The deuterons are accelerated at the
maximal energy of 250 keV. The maximum peak intensity is 50 mA. The deuterons are focalised
through a long five meters tube (glove finger) on a deuterium or tritium target. The nuclear reactions
D(d,n)3He or T(d,n)4He product neutrons with an energy of respectively 2.67 MeV and 14.0 MeV.
This accelerator can produce in the case of a tritium target 5.0 106 neutrons/4π per pulse [8].
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Figure 1. The GENEPI accelerator and the slowing down time spectrometer
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2.2 The slowing down time spectrometer

The slowing down time spectrometer is an assembly of 46.45 tons of lead with a cubic symmetry
in a relation to the beam axis GENEPI. The neutron production took place in the centre of the lead
block. This block is made up of 8 blocks having the following dimensions: 80 × 80 × 80 cm3. Each
block has two channels (10 × 10 cm2 in section) parallel to the beam axis. They are used both for
handling of the block and for insertion of detectors. In the last case, the dimensions of the holes are
reduced to 5 × 5 cm2. Pure lead (99.99%) was chosen to ensure that impurities have negligible effect
on the neutron flux. Impurities of lead are less than 5 ppm, principally silver, bismuth, cadmium,
copper, antimony, tellurium. The lead block is shielded with a cadmium foil to capture the neutron
escaped from the lead block and backscattered by concrete walls, which can deteriorate the energy-
time correlation.

In a slowing-down time lead spectrometer, there is a correlation between the neutron time of
flight in the block and its kinetic energy. The scattering mean free path of a neutron in the lead
medium, λs = 2.76 cm, is about constant over the energy range 0.1 eV to a few tens of keV. The
relation between the slowing down time and the neutron mean energy can be written in this form [2]:

Figure 2. The energy-time correlation from MCNP calculation
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The K parameter value, function of the neutron masse mn, the scattering mean free path λs and
the medium properties, has been experimentally determined and well understood by MCNP
calculation. The quantity t0 can be considered as a time correction owing to the fact that the initial
neutron is not created at infinite energy but at energy E0 = 14 MeV and at velocity v0, it suffers
inelastic or (n,2n) reactions before being slowed down only by elastic scattering [4].

2.3 Detectors

2.3.1  Neutrons source monitoring

The reaction on the target produces associated charged particles: α in the case of T(d,n)α
reaction and protons in the D(d,p)T reaction which occurs about as often as the D(d,n)3He reaction.
The charged particle is emitted with a 180° angle with respect to the neutron. For 0° neutrons, the
charged particle goes upstream the incident beam, being focused in the glove finger and is bent by the
GENEPI magnet. Two silicon detectors are placed side by side in the vacuum of the magnet chamber.
They detect both the α and the p associated to the d(d,p)n reaction, as fortunately they have the same
magnetic rigidity. One of them is covered with a 10 µm aluminium foil to stop the α particle. We can
measure then through α detection the relative source of 14 MeV neutrons and through p detection of
2.5 MeV neutrons due to D+ implantation in the T target.

2.3.2  Neutron spectrum normalisation

The detector used for neutron spectrum normalisation is a classical proportional 3He-gas counter
belonging to a series of counters developed at ISN Grenoble for fast neutrons spectroscopy in reactor.
We detect the p and/or t produced by the reaction 3He(n,p)T, Q = 764 keV. It collects energy
deposited by the products of the exothermic reaction. The effective zone is a 6 cm long cylinder of
1 cm in radius. The counter is filled up with 70 mbar of 3He, 3.3 bars of Argon and 2.5 mbar of CO2

(quencher gas). The detector is described in Figure 3. It is placed at a symmetrical position to the (n,γ)
detector in relation to the beam axis.

Figure 3. Mechanical structure of the 3He gas proportional counter detector
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2.3.3  Neutron flux measurements

•  Absolute calibration

The integral flux is measured by activation of nickel foils. These foils are put against the
GENEPI target. The dimensions of the foils are about 5 mm in radius and 0.5 mm in
thickness. Six hours of irradiation with an intensity of 66 µA are enough to reach saturation.
Following reactions are used: 58Ni(n,2n)57Ni with a threshold 13 MeV, 58Ni(n,np)57Co with a
threshold 13 MeV. These activated foils are then counted in the low radioactive laboratory at
ISN.

•  233U fission detector

The GENEPI neutron pulse, generated at time zero by the reaction T(d,n)α in the lead block
centre region, gives at position <r> a neutron flux φ(E,t, <r>) which is measured with a
detection system using the exothermic reaction 233U(n,fission). The reaction rate versus time
is proportional to the quantity φ(E,t, <r>)σ(E). Assuming that the cross-section σ(E) is
known, the measurement of the reaction rate gives an experimental access to the quantity
φ(E,t, <r>). The fission fragments produced in the reaction 233U(n,fission) (Q = 180MeV) are
collected by a silicon detector. The 233U target of 200 µg/cm2 is pure electro-deposited 233U
on a 200 µm thick aluminium foil. This small detection device is enclosed in lead. Two small
charge-preamplifier are connected to the detectors inside the steel cylinder [4].

2.3.4  Capture rate reaction measurement

A scintillator coupled with a photomultiplier is used for sample (n,γ) reaction rate measurements.
The PM is a XP1911 type from Philips [5]. It was chosen for its reduced dimensions (φ = 19 mm).
Teflon has been chosen for the embase material, to avoid hydrogen and subsequent neutron energy
degradation. PM gain variation has been minimised by adequate decoupling capacitances. CeF3

scintillator has been chosen for its quick time response time (30 ns) and for its low neutron captures
cross-section. The detection system and the sample embedded in a lead box in order to have a good
reproducibility of the detection geometry. Every two samples, the background has been
systematically measured in order to check the stability of the PM gain. The beam intensity was
adjusted to have a low dead time for each sample (0.1 evts/pulse during the first 10 µs). This detector
and its lead box are shown in Figure 4.

Figure 4. Picture of the PM in its lead box
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3. Experimental results

The detector signals are recorded with a timing module referenced to the neutron source pulse
with 100 ns precision. For each detector, time spectra are built giving the number of events as a
function of the time of flight of the associated neutron.

3.1 Flux measurements

The 233U fission rate σfφ(t) is obtained with the silicium detector as described above. The α
emission due to 233U disintegration introduces a background in the fission rate time spectrum.
Fortunately, the energy deposition of fission products and α particles in the silicium can easily be
separated allowing building a pure fission rate time spectrum. Assuming the same efficiency for α
and fission products detection and knowing the neutron production (Ni foil activation, 1.7 106 neutron
per pulse), the fission rate σ(n,f)φ(t) could be normalised per source neutron. In Figure 5 the time
spectrum exhibits at 300 µs a peak corresponding to the well-known 1.7 eV 233U fission resonance.

Figure 5. Timing spectra of the 233U detector: 200µg/cm2

3.2 Neutron flux monitoring

For these measurements we used a 3He gas detector. The Figure 6 presents a typical time
spectrum obtained with this counter. The (n,p) cross-sections is particularly smooth in the 10-4 eV to
1.0 MeV energy range and elastic cross-section is negligible under 100 keV. Therefore we have a
good assurance that the flux is the same in these two holes, one of them being used afterwards for
capture rate measurements. The figure shows the good agreement between two measurements made
in symmetrical channels.
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Figure 6. Time spectrum of 3He gas detector in two measurements holes of lead block

3.3 (n,γ) experiments

3.3.1  Background study

The photomultiplier with the scintillator and the sample embedded in the lead housing are
inserted in a channel of the lead block. This detection system is very sensitive to gamma rays emitted
by neutron captures in surrounding materials. Therefore background measurements and a good
understanding of its structure are necessary.

The Figure 7 shows a background measurement. The general exponential dependence is due to
the decrease of the neutron flux associated with the scattering process in the lead block.
Super-imposed structures can be seen which are due to neutron capture resonances in various
nuclides. This background has been simulated taking into account all the elements contained in the
detection system itself (CeF3 scintillator, PM) and in the lead impurities, with proportions as free
parameters. Measured and simulated spectra over a 300 µs time range are showing in Figure 7.
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Figure 7: Experimental (full line) and simulated reconstructed (dotted line) background time
spectra with energy of the resonances and identification of associated nuclides

3.3.2  Results for gold and thorium targets

Figure 8 shows the normalised reaction rate for thorium and gold. Due to a larger cross-section
gold spectrum is less affected by the background. The large structure that appears at 180 µs
correspond to the 27 000 barns well-known 4.9 eV resonance. In the case of thorium a high
radioactivity level is observed above 140 µs. The peak at 85 µs is due to the 21.8 eV and 23.5 eV
unresolved resonances.

Figure 8. Capture rate for gold (left) and thorium (right)
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4. Analysis

4.1 Background subtraction method

All spectra are normalised by the counting rate of the 3He reference monitor. Due to the
self-shielding effects in the target, the background subtraction cannot be directly made. Thus, we
proceed in three steps. Both activation and natural radioactivity induce a constant counting rate over
the whole time range. This constant level for background and target can be measured when the
neutron flux becomes negligible i.e. for time bigger than 2 ms. The first steps consist in subtracting
this level for each spectrum. In a second step, measured background must be corrected as it is higher
than its real contribution in the presence of the target, γ-rays due to captures in the surrounding
materials being slightly absorbed in the target. This correction is evaluated according to the density
and the thickness of the target. The last step consists in taking into account the neutron flux
perturbation induced by the target. This correction factor is obtained by the ratio of simulation
performed with and without target.

As the last this corrected background is subtracted from the spectrum obtained in the first step. It
must be noticed that the two last corrections are second order effects.

4.2 Monte Carlo simulation

We use the MCNP/4B code for simulations [7]. This code allows a very detailed description of
the experimental set-up: detectors, generator components, lead block and concrete walls. The reaction
rates σ(n,γ)φ(t) are calculated in order to be directly compared with experimental data. Three different
databases have been used: ENDF/B-VI, JENDL3.2 and JEF2.2.

4.3 Simulation and experimental results

Simulation provides capture rate per source neutron as a function of time. Both the simulated and
experimental time spectra are converted into energy spectra, by means of the time-energy correlation
described in a previous section. The simulations to experiment ratios are calculated for each energy
bin, and are presented in Figures 9 to 12. We present 4 targets results: Au in order to validate the
procedure, tantalum, indium and at last, we present the thorium target results of main interest for new
fuel cycle studies.
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Figure 9. ENDF/B-VI and JEF2.2 simulation to experiment ratio for 1250 µm,
500 µm and 125 µm Gold samples in the energy range from 0.1 eV to 40 keV.

The large grey box around C/E = 1 correspond to an uncertainty of 5%
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Figure 10. ENDF/B-VI, JEF2.2 and JENDL3.2  simulation to experiment ratio for 2000 µm,
200 µm and 100 µm Tantalum samples in the energy range from 0.1 eV to 40 keV

Tantalum:

In the case of 2 000 µm, 200 µm
and 100 µm tantalum targets, the resolved
resonance zone from 1 eV to 200 eV
is correctly described. However, a deficit
is observed for neutron energies lower
than 1 eV for the thickest targets.
A good agreement between simulation
and experimental results is found
with JENDL3.2 database for
300 eV<E <1 keV. In this energy
range, ENDF/B-VI or JEF2.2 databases
lead to a capture rate which is higher than
the experimental one. This overestimation
increases with the target thickness
(see Figure 10). For 2 keV<E <20 keV
a good agreement between experiment
and simulation is found for ENDF/B-VI
and JEF2.2 databases. In this energy
range, the use of JENDL database
produces simulated capture rates which
are too low when compared to the
experimental one.

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

10-1 1 10 102 103 104 105

10-1 1 10 102 103 104 105

10-1 1 10 102 103 104 105



707

Figure 11. ENDF/B-VI, JEF2.2 and JENDL3.2 simulation to experiment ratio for 2 000 µm,
500 µm and 300 µm indium samples in the energy range from 0.1 eV to 40 keV
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In the case of 2 000 µm, 500 µm and
300 µm Indium targets, ENDF/B-VI,
JEF2.2 and JENDL3.2 simulation to
experiment ratio give a good agreement
in the range from 0,1 eV to 1keV (see
Figure 11). For 1 keV<E <40 keV, the
use of ENDF/B-VI and JENDL2.2
databases leads to a capture rate which is
higher than the experimental one for
2 000 µm and 500 µm thickness targets.
However, the use of JEF2.2 database
leads to a capture rate, which is lower
than the experimental one with each
target thickness.
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Figure 12. ENDF/B-VI, JEF2.2 and JENDL3.2 simulation to experiment ratio for 4 000 µm,
1 000 µm and 175 µm thorium samples in the energy range from 0.1 eV to 40 keV

Thorium:

In the case of 4 000 µm, 1 000 µm and
175 µm Thorium targets ENDF/B-VI,
JEF2.2 simulation to experiment ratio
give a good agreement (better than 5%)
in the range from 10 eV to 40 keV (see
Figure 12). For En<10 eV, due to the low
thorium capture cross-section and the
target radioactivity, the experimental
rate is provided with high uncertainties.
From 300 eV to 3 keV, the use of
JENDL3.2 database leads to a capture
rate which is lower than the
experimental one with each target
thickness. If we compare the results
between ENDF/B-VI or JEF2.2
simulation to experiment ratio, in the
unresolved resonances zone (upper than
100 eV), it shows the self-shielding
effects in target good description by
MCNP/4B code, well described for
thickness up to 4 000 µm which is of
main interest to take into account
accurately these effects in reactor fuel
rods.

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

10-1 1 10 102 103 104 105

10-1 1 10 102 103 104 105

10-1 1 10 102 103 104 105



708

5. Conclusion

The neutron capture cross-section profile of various targets (Gold, Tantalum, Indium and
Thorium) have been measured with a slowing down lead spectrometer in the neutron energy range
from 0.1 eV to 40 keV with a precision of 5%. The experimental results are compared to Monte Carlo
simulations (MCNP/4B) code using ENDF/B-VI, JEF2.2 and JENDL3.2 databases. Measurements on
the well-know gold nucleus are well reproduced by simulation. The agreement with different targets
thickness validates our method, and shows that the self-shielding effect is well taken into account by
MCNP. For tantalum and indium targets, a discrepancy between experiment and simulation is
observed for neutron energy greater than 300 eV, in the region of the unresolved resonances. For
thorium targets, the JENDL3.2 cross-section seems under evaluated by 10% in the energy range from
300 eV to 3 keV.

In conclusion, the lead spectrometer appears to be a very useful tool, allowing quick
cross-section validation and transmutation rates evaluation.
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Abstract

Transmutation techniques involve high-energy neutrons created by the proton-induced spallation of a
heavy target nucleus. The existing nuclear data libraries developed for the present reactors go up to
about 20 MeV, which covers all available energies for that application; but with a spallator coupled to
a core, neutrons with energies up to 1-2 GeV will be present. Although a majority of the neutrons will
have energies below 20 MeV, a small fraction at higher energies has still to be characterised. Above
200 MeV, direct reaction models work reasonably well, while at lower energies nuclear distortion
plays a non-trivial role. This makes the 20-200 MeV region the most important for new experimental
cross-section data.

Very little high-quality neutron-induced data exist in this energy domain. For (n,xp) reactions, different
experimental programmes have been run at Los Alamos [7] and TRIUMF [1] facilities but with limited
coverage in particle energy and angle. Better coverage has been obtain by the Louvain-la-Neuve Group
up to 70 MeV [9].

Due to this particular lack of data above 70 MeV and in the framework of the European concerted
action “Lead for ATD” and the HINDAS project (see J.P. Meulders contribution in these
proceedings), in March’99 we performed an experiment in order to measure double differential cross-
sections for protons and other light charged particles emitted in reactions of 96.5 MeV neutrons on
enriched 208Pb targets, at the neutron facility of The Svedberg Laboratory (TSL), Uppsala, Sweden [2].
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1. Experimental set-up

The charged particles (p, d, t, 3He and alpha) were detected using the MEDLEY device [4] which
allows to measure continuous energy distributions in the forward direction (10°-80°). At larger angles,
due to the relatively low intensity of the neutron beam and due to the weak estimated cross-sections,
only the low-energy part of the spectra could be measured (Ep < 40 MeV at θ = 160°). In order to
improve the counting rate at backward angles and to measure the high-energy part of the proton
spectra, we used a multi-target box together with the two arms of SCANDAL [5]. This set-up covered
the angular range 10°-140°.

The MEDLEY detector set-up is installed inside a cylindrical scattering chamber of 100 cm
diameter. It consists of eight detector telescopes which are mounted inside the vacuum chamber and
placed every 20 degrees. They cover scattering angles ranging from 20 up to 160 degrees. In order to
obtain a good separation between the different particles (p, d, t, 3He and alpha) over a large dynamic
range, i.e. from a few MeV alpha particles up to 100 MeV protons, each telescope is composed of
three detectors: two silicon surface barrier detectors and one CsI(Tl) crystal. The front detectors (dE1)
are either 50 or 60 mm thick, while the second ones (dE2) are 400 or 500 •m. The CsI(Tl) crystal, used
as E detectors, are long enough to stop 100 MeV protons. Using the well-known dE1-dE2-E method,
we are able to identify with no ambiguities light charged particles.

SCANDAL, SCAttered Nucleon Detection AssembLy, is a CsI hodoscope with auxiliary
detectors: drift chambers used to determine the proton trajectory and plastic scintillators used to trigger
the acquisition. SCANDAL is designed for protons and neutrons in the 30-130 MeV interval.

While the proton energy threshold is around 10 MeV for MEDLEY, for SCANDAL this
threshold is above 30 MeV because particles have to go through different materials before reaching the
CsI(Tl) detectors.

2. Preliminary results and comparison with theoretical prediction

The Double Differential Cross-Section (DDCS) for protons emitted in reactions of 96.5 MeV
neutrons on lead targets are presented in Figure 1.

We observe that in the energy region covered by both set-up there is a good agreement between
MEDLEY and SCANDAL measurements despite a small underestimation of high energy proton
production with MEDLEY at forward angles. This experimental effect is associated to the relative low
thickness of the second detector which induces detection efficiency lower than 100% for the high part
of the proton spectrum.

Comparisons with theoretical predictions are shown in Figures 1 and 2. A good agreement is
obtained either with the GNASH-CEA [8] or the MINGUS [6] or the CUGNON [3] calculations, but
there are still several problems (see Figure 3 for example with a linear y-axis) which are listed below:

•  With the MINGUS calculation, the low energy part of the spectra is underestimated at
forward angles and overestimated above 60 degrees.

•  The GNASH-CEA calculation always underestimates the DDCS at low energies.

•  The CUGNON calculation which is based on intra-nuclear cascade and optimised for incident
energy above 200 MeV, works reasonably, except at low energies for the evaporative
component.
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3. Conclusion

Double differential cross-section measurements for protons emitted in reactions of 96.5 MeV
neutrons on enriched lead targets were performed using the TSL facilities.

Preliminary results were compared with different theoretical calculations: they have reasonable
predictions nevertheless they have to be improved in order in particular to reproduce the low energy
part of the proton spectra.

This conclusion will be reinforced or cancelled

•  By doing the same analysis on lead target for the other light charged particles (d, t, 3He and
alpha) measured with the MEDLEY set-up.

•  By studying DDCS with iron target (the dedicated experiment has been performed in May
2000 at TSL) and an uranium one (the experiment is planned in autumn 2001 at TSL).

Figure 1. Preliminary results of double differential cross-sections for protons
emitted in reactions of 96.5 MeV neutrons on enriched 208Pb

•  Experimental Data : SCANDAL (black circle) and MEDLEY (black square).

•  Theoretical Prediction : MINGUS (open circle) and GNASH-CEA (open triangle).

•  From left to right and top to bottom, angles are ranging from 20 up to 120 degrees with
20 degrees interval.
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Figure 2. Preliminary results of double differential cross-sections for protons
emitted in reactions of 96.5 MeV neutrons on enriched 208Pb

•  Same as Figure 1.

•  Theoretical Prediction: CUGNON (open star).
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Figure 3. Preliminary results of double differential cross-sections for protons
emitted in reactions of 96.5 MeV neutrons on enriched 208Pb

Same as Figure 1 with linear y-axis.
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Abstract

In the framework of the concerted action “Lead for ADS” program, we have measured the double
differential cross-sections of neutrons produced in reactions induced by a proton beam on a lead
target at 62.5 MeV. The experiment was performed on the S-line of the CYCLONE facility in
Louvain-la-Neuve. The neutrons were detected using DEMON counters and their energy was derived
from the time-of-flight technique.
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1. Introduction

For many accelerator driven system projects [1,2], lead has been chosen as a representative
spallation target material. Therefore, Pb (p, X n), Pb (p, X p), Pb (p, X lcp) double differential cross-
sections (DDCS) are required with high priority for the development of simulation codes. These codes
are used for feasibility studies and optimisation of such hybrid systems in which complex combinations
of nuclear processes are involved. Combined with complementary Pb (n, X n), Pb (n, X p), Pb (n, X lcp)
DDCS, these data represent the best test for evaluating the global capabilities of the models. In addition,
such data provide important constraints which allow the predictive power of the codes to be improved
in the 20-150 MeV energy range.

In this context and in the framework of the Concerted Action “Lead for ADS” programme, we
measure the DDCS of neutrons and light charged particles (p, d, t, 3He, 4He) produced in reactions
induced by a proton beam, impinging on a lead target at 62.5 MeV. In this contribution we present
results concerning only the neutrons.

Figure 1. Simulation with GEANT of the experimental set-up geometry (see text)

Target
position
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2. Experimental set-up

The experiment was performed on the S-line of the CYCLONE facility in Louvain-la-Neuve.
The lead target is 10.7 mg/cm2 thick and the neutrons are detected using five DEMON large volume
NE213 liquid scintillator counters [3]. The following table gives, for each counter, its angle theta
relative to the beam and the distance between the target and its entrance window.

DEMON counter theta (°) d (mm)

1 120 2 960

2 80 2 507

3 55 3 039

4 35 3 887

5 24 5 347

Each detector is surrounded by a lead cylinder installed inside a “BOMBARDE” barrel filled
with paraffin and boron - materials that are efficient shields against background neutrons.

Figure 2. Compilation of the measured DEMON detector efficiencies (symbols)
compared to the predictions of the KSU code (black line)

Due to the necessity of shielding the DEMON counters from the very high radiation background
resulting from the proton beam dump, a wall made of concrete and paraffin is also built in the
experimental area. Taking into account the experiment configuration (various materials and
dimensions), the floor-space and the weight of concrete blocks, the wall dimensions is optimised
performing GEANT simulations. The final wall geometry divides by a factor of twenty the
background of the most exposed DEMON counter to the parasite neutron flux, resulting in a signal-
to-noise ratio of 2.1. The Figure 1 illustrates the efficiency of the shielding wall. It presents part of the
geometry of the experimental set-up: the faraday cup placed at the end of the beam line and four
DEMON counters imbedded in BOMBARDE barrels, and the shielding wall built between the
forward DEMON counter and the beam dump. Dashed lines symbolise neutrons escaping from the
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beam dump. We observe that the majority of the neutrons emitted in the direction of the counters are
stopped by the wall or deviated in their trajectories.

3. Data analysis

We discriminate neutrons from gammas by pulse shape analysis of the photomultiplier output.
For each neutron, the time-of-flight is derived from the start given by the DEMON counter, and the
stop given by the following beam high frequency signal (period = 54 ns). The same procedure is
employed for gammas so that the time-of-flight spectra are calibrated with the reference peaks
associated to gammas. In order to detect without ambiguity the lowest energy neutrons, nine beam
bursts out of ten are suppressed. Neutron energies are derived from their time-of-flight, taking into
account the depth at which the particle interacts inside the detector. This depth is estimated using an
iterative procedure since it depends on the detection efficiency, which is itself a function of the
neutron energy. The DEMON detector efficiency can be found in [4] and it is shown in Figure 2.

During the experiment, attention was paid to alternatively collect data with Pb targets and with
blank-targets in order to be able to subtract the background noise. The acquisition dead time is also
kept under twenty percent and a correction for this effect is applied to the data. For the cross-section
calculation, the number of incident protons is derived from the intensity of the beam measured using
the faraday cup. The detector efficiency and solid angle, as well as the orientation of the target are
also taken into account in deriving the absolute normalisation factor.

Figure 3. Double differential cross-section of neutrons produced in reactions
induced by a proton beam impinging on a lead target at 62.5 MeV
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4. Results

Figure 3 presents neutron energy spectra obtained at five different angles. The energy uncertainty
is derived from the length uncertainty of the time-of-flight path (±1 mm), combined with the
uncertainty on the depth at which the neutron interacts inside the scintillator (±1 cm) and the
electronic chain resolution. The resulting energy uncertainty increases smoothly with the neutron
energy from 0.03 MeV to 4.2 MeV at 62.0 MeV. In order to calculate the cross-section uncertainty,
we take into account the detector efficiency uncertainty which is lower than 5.8% over the entire
energy range. The contribution of the statistical uncertainty to the relative total uncertainty is
estimated to be lower than 2% for energies smaller than 30 MeV, it increases up to 4.4% for an
energy value of 60 MeV at a detection angle of 80°, and it reaches a maximum value of 16% at the
most backward angle, for the larger energy. Those values result in a total relative uncertainty of the
cross-section lower than 5.6% for energies smaller than 30 MeV, it increases up to 6.5% for an energy
value of 60 MeV at a detection angle of 80°, and it reaches a maximum value of 17% at the most
backward angle and for the larger energy. Due to the logarithmic representation the associated error
bars are not visible on the figure.

5. Conclusion

We present neutron double differential cross-sections measured at five different angles for the
Pb(p, X n) reaction, at 62.5 MeV. These results will contribute to the extension up to 150 MeV of
evaluated nuclear data libraries, which are a combination of experimental and calculated data. Such a
database is planned to be implemented in different simulation codes which are used for the
conception of the future hybrid systems.
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Abstract

Up-to-date status is considered of the experimental database on neutron-induced fission cross-sections
of tantalum, tungsten, lead, mercury, gold, and bismuth nuclei in the neutron energy range from the
fission threshold to 175 MeV. The perspective of creating a more complete database is discussed,
including (n,f) cross-sections for separated isotopes of lead and tungsten.
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1. Introduction

Intermediate-energy fission data are of interest not only for fundamental physics, but also for
applied nuclear research. First of all it is connected with problems of accelerator driven systems
(ADS) for power production and transmutation of long-lived radioactive waste (see e.g. [1]). Such
elements as Ta, W, Hg, Pb and Bi are either already used as neutron producing target materials or
considered as potential candidates. Since fission and spallation reactions at intermediate energies are
the main reaction channels of neutron interactions with heavy nuclei, they have the most practical
significance, but are poorly investigated. Fission reaction contributes to the generation of the neutron
field in the target-blanket assembly, as well as to the production of radionuclides and chemically toxic
products in the target. For relatively light nuclei, such as Pb and Bi with fission cross-section of only
a few percent of the total reaction cross-section, the residual activity of the fission products with high
energy release and, often, long half-lives, is expected to be significant. It is estimated that the
contribution of the fission products to the overall residual activity of a lead target irradiated by
1.6-GeV protons may be as much as 10-15% for cooling times of about one year [2]. At present,
theoretical description of sub-actinide nuclei fission cannot match the practical needs. For example,
the natW(p,f) cross-section predicted by the LAHET code was found to be about 20 times lower than
the experimental results [3]. If one bears in mind the insufficient predictive power of available
nuclear reaction models, especially with respect to fission, it is possible that the real residual activity
may be significantly different.

Intermediate-energy fission data are also of interest for nuclear standards, and particle beam
monitoring required for other applications as neutron cancer therapy, shielding of accelerators,
cosmic studies, thermonuclear synthesis etc. Furthermore, due to the insensitivity to low energy
neutrons, the 209Bi(n,f) cross-section has been approved by IAEA as a secondary standard for neutron
flux determination at intermediate energies [4].

As a response to the outlined needs, V.G. Khlopin Radium Institute and Uppsala University
perform a joint program of (n,f) cross-section measurements for sub-actinides in the energy region
between 20 and 180 MeV. Earlier, results for the absolute and relative (n,f) cross-sections of 238U, 209Bi
and 208Pb have been published [5-7]. In the framework of ISTC project #540 the measurements for
208Pb and 209Bi were continued with better experimental conditions, including new measurements on
181Ta, natW, natHg, 197Au and natPb. The measurements on gold were included because of their methodical
and theoretical importance. Preliminary results for the above listed sub-actinides have been published
recently [8-11]. In the present work the results of further processing of the data are given and the
status of the 209Bi (n,f) cross-section standard is discussed.

The prospects for creating of more complete database are considered, including (n,f) cross-
sections for separated isotopes of lead and tungsten, specifically for 208Pb and 184W , which cross-
sections are included in the High Priority Request List of nuclear data for the nucleon energy region
up to 200 MeV [12]. These data are needed for the development of adequate nuclear fission models,
as well as computer codes for ADS. The needs of fission cross-section measurements for the above
mentioned nuclides are stressed, not only with neutrons, but also with protons, in the same projectile
energy region. Comparison of proton- and neutron-induced fission cross-sections [13], carried out on
a common physical basis [14], gives added credence to the experimental database.
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2. Up-to-date status of the (n,f) cross-sections of sub-actinides

The (n,f) cross-sections of 181Ta, natW, natHg, 197Au, 208Pb and natPb published in [9-11] have been
obtained with the assumption that the fraction of the total fission events induced by full energy
neutrons is equal for the studied nuclides and for the monitor reaction 209Bi(n,f). In this work we have
calculated the fraction of the total fission events induced by full energy neutrons for each reaction
under study. For this purpose the TOF spectra of fission events have been simulated using the
experimental neutron spectra [15-19] and the given time parameters of the proton beam. The final
cross-sections and the fractions of the full energy fission events have been obtained as a result of an
iteration procedure with the initial cross-sections taken from [4,9]. The results of the calculations
carried out for the 209Bi(n,f) and natW(n,f) reactions at a peak neutron energy of 96 MeV are shown in
Figure 1 together with the neutron spectrum from the 7Li(p,n) reaction measured by Nakao et al. [15]
at the similar incident proton energy.

Figure 1. (a) Neutron spectrum from 7Li(p,n) reaction at 100 MeV proton energy [15];
(b) and (c) TOF spectra of 209Bi(n,f) fission events at
12.8 m and 2 m flight distances, correspondingly;

(d) TOF spectrum of natW(n,f) fission events at 2 m flight distance.
Open dots in (b), (c), and (d) are experimental TOF spectra. Solid curves are calculated TOF

spectra. Filled areas under dashed curves are calculated fractions
of fissions induced by low energy tail neutrons.

The results for (n,f) cross-section ratios are given in Table 1. The absolute (n,f) cross-sections
obtained using the 209Bi(n,f) cross-section as a standard [4] are shown in Figure 2 together with fits
according to Equations 1) and 2) below and our previously reported data for 208Pb [6].
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Table 1. Relative neutron-induced cross-sections

En (n.f) cross-section ratio

MeV natPb/209Bi 208Pb/209Bi natHg/209Bi 197Au/209Bi natW/209Bi 181Ta/209Bi

35 0.166 ± 0.079 <0.051 – <0.012 – –

45 0.191 ± 0.012 0.069 ± 0.005 <0.036 0.048 ± 0.013 – –

66 0.292 ± 0.026 0.185 ± 0.017 0.127 ± 0.026 0.099 ± 0.017 <0.0017 –

75 0.305 ± 0.026 0.205 ± 0.019 0.099 ± 0.021 0.099 ± 0.010 0.0040 ± 0.0007 0.0013 ± 0.0004

94 0.379 ± 0.031 0.288 ± 0.026 0.158 ± 0.017 0.139 ± 0.017 0.0075 ± 0.0014 0.0036 ± 0.0006

96 0.391 ± 0.036 0.305 ± 0.028 – – 0.0089 ± 0.0022 0.0037 ± 0.0012

133 0.429 ± 0.037 0.305 ± 0.029 0.199 ± 0.019 0.184 ± 0.022 0.0134 ± 0.0026 0.0071 ± 0.0014

144 0.505 ± 0.045 0.418 ± 0.037 0.158 ± 0.019 0.205 ± 0.025 0.0140 ± 0.0025 0.0101 ± 0.0017

160 0.422 ± 0.062 – – – – –

174 0.526 ± 0.042 0.412 ± 0.034 0.215 ± 0.040 0.211 ± 0.020 0.0210 ± 0.0027 0.0096 ± 0.0013

Figure 2 shows also the earlier data of other authors [20-22]. In order to make a comparison for
available absolute 197Au and  natPb(n,f) cross-sections, the natPb/235U and 197Au/235U ratios measured at
LANSCE [20] were multiplied by the standard 235U(n,f) cross-section [4]. Early measurements of Reut
et al., Goldanskiy et al., and Dzhelepov et al., [21] were made using neutrons from the Cu(d,n)
reaction. Neutrons produced by that reaction have a broader spectrum, as indicated by the horizontal
error bars in Figure 2. Nevertheless, there is a qualitative agreement between those and more recent
data. Vorotnikov [22] performed unique studies of (n,f) cross-sections for sub-actinides in the vicinity
of the fission barrier (about 20-25 MeV) using a deuterium-tritium neutron source and solid state
nuclear track detectors for the fission fragment detection.
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Figure 2. The 181Ta(n,f), natW(n,f), natHg(n,f), 197Au(n,f), 208Pb(n,f) and natPb(n,f) cross-sections. Solid
and dashed curves are the fits made with the use the formulae 1, 2 (see the text below)

10-4

10-3

10-2

10-1

100

101

102

nat
Pb(n,f)

 this work
 [20] 1996
 [21] 1955
 [22] 1984
 param. 1
 param. 2

208
Pb(n,f)

 this work
 [5] 1996
 param.1
 param.2

nat
Hg(n,f)

 this work
 param. 1
 param. 2

10 50 100
10-3

10-2

10-1

100

101

197
Au(n,f)

 this work
 [20] 1996
 [21] 1955
 param. 1
 param. 2

is
si

on
 c

ro
ss

-s
ec

tio
n 

(m
b)

10 50 100

nat
W(n,f)

 this work
 [21] 1955
 param. 1
 param. 2

Neutron energy (MeV)

10 50 100

181
Ta(n,f)

 this work
 param. 1
 param. 2

The available experimental data on the natPb(n,f) and 197Au(n,f) cross-sections [20] and the data of
the present work are in qualitative agreement. There are, however, systematic discrepancies between
these data sets in the neutron energy regions below about 50 MeV and above about 100 MeV for
197Au(n,f) and practically in the whole energy region for natPb(n,f). This fact, together with the
comparison for 197Au/209Bi and natPb/209Bi cross-section ratios performed in [10], leads to a suggestion
that some background may not have been taken fully into account in the LANSCE measurements of
the natPb(n,f) and 197Au(n,f) cross-sections. The low-energy natPb(n,f) data of the present work are
compatible with the upper limits of the cross-section obtained by Vorotnikov [22]. The old data of
Reut et al., Goldanskiy et al., and Dzhelepov et al., [21] for natPb(n,f), 197Au(n,f), and natW(n,f) cross-
sections at a neutron energy of 120 MeV are considerably (two-three times) higher than our data in
the same energy region.

The fits in Figure 2 were made using the same formulae that have been used for parameterization
of the 209Bi(n,f) cross-section [4]:

σnf np p E p= ⋅ − ⋅ −11 12 131( exp( ( ))) (1)

above about 70 MeV [23], and

σnf n np p E p E= + ⋅ + ⋅exp( ln ln )21 22 23
2 (2)
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below about 70 MeV [24] , where σnf  is the (n,f) fission cross-section (mb), En  is the neutron

energy (MeV) and pij are variable parameters. The parameters pii as functions of the parameter Z2/A of
the compound nuclei are available upon request.

Taking into account the uncertainties coming from the experimental technique and the cross-
section standard we can state that the accuracy of the presented data is about 20% for most nuclei in
the energy range above 75 MeV and 30-50% below 75 MeV. As the neutron energy and the target
atomic number are decreased, the uncertainty is increased.

Figure 3. Experimental data on the 209Bi(n,f) cross-sections
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As it was mentioned above, the present status of the experimental data on the 209Bi(n,f) cross-
section is of particular interest, because it is a new standard in the energy region above 50 MeV. All
experimental data available in the energy range of interest are given in Figure 3 along with the
209Bi(n,f) cross-section parameterization from [4]. It is obvious that there is a discrepancy between the
recommended parameterization and some experimental results published more recently [8,9].
Specifically, our data obtained at the neutron energies 96 MeV and 133 MeV (solid circles) are
systematically lower than the recommended curve and do not fall into the confidence interval (10%)
stated in [4]. To understand whether (or not) this discrepancy will eventually result in a
recommendation to change the standard, a closer look at the quality of the experimental data must
first be undertaken. The data under consideration have been obtained with the use of three fission
fragment detectors: thin-film breakdown counters (TFBC), a conventional parallel plate ionization
chamber (IC), and a Frisch-gridded ionization chamber (FGIC).

The TFBCs are insensitive to the background radiation and offer excellent timing
characteristics [25]. Previous data obtained with the use of the TFBC [5,6] and the FGIC [7], together
with earlier data [21,22] have been used as a basis for the parameterization, recommended as a
standard [4]. However, recently it was found out that the decomposition procedures applied in
[5,6,11] to the TOF spectra of fission events lacked accuracy at some neutron energy points. We
suppose, that a more sophisticated background approximation (see e.g. [7]) has to be used to extract
from TOF spectra a number of fission events induced by “peak” neutrons. Solid triangles in Figure 3
show our data from [9,11] corrected due to a more accurate decomposition procedure as well as data
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obtained more recently. It is seen that these data deviate systematically from the parameterization [4]
and become closer to our data obtained with the FGIC [8,9].

An ionization chamber (IC) is ideally suitable for (n,f) cross-section measurements at the
currently available high-energy neutron beams, because this device offers nearly 100% detection
efficiency with no limitations on the fissile target dimensions. It should be noted, however, that the
energy spectrum of fission fragments is contaminated by light charged particles arising in upstream
material from energetic neutrons. This background makes the determination of the fission fragment
yield difficult. As the incident neutron energy increases, the situation becomes more complicated
(particularly for sub-actinides) due to larger overlap between fission and background spectra. We
suppose that data obtained with the simple ionization chamber [20] may be subject, especially at high
neutron energies, to some systematic errors caused by the background problems.

The FGIC not only incorporates the main advantages of conventional parallel plate ionization
chambers, but also offers some extra ones for (n,f) cross-section measurements. The key advantage is
that FGIC allows discrimination against background charged particles [8]. The principle of so called
angular discrimination lies in the fact that fission fragments and light charged particles give different
combinations of anode and grid signals, and thus may be separated from each other by off-line
processing. Taking also into account that an accurate decomposition procedure has been applied to
the TOF spectra in [8,9], we consider the data obtained with the FGIC as the most reliable at present.

All aforesaid gives some grounds to expect changes of the standard in the future, but in the
present work all data on (n,f) cross-sections for sub-actinides are given relative to the old standard.

3. Prospects for advancement of the existing experimental data base

Further development of the experimental techniques is needed to improve the quality of the data.
This refers both to the characteristics of neutron beam and to the fission fragment detectors.

To increase the number of fissile targets to be irradiated simultaneously, the new FGIC has been
designed and manufactured at the KRI within the framework of ISTC project #1309. The chamber
consists of seven units. Each unit constitutes a twin Frisch-gridded ionization chamber with a
common cathode. By this means 14 different targets may be irradiated simultaneously.

Due to the insensitivity of TFBCs to light ionizing particles it is possible to carry out the (p,f)
and (n,f) cross-section measurements under comparable geometrical conditions. Experiments can be
done with a broad proton beam passing through the target and the TFBC [26]. This makes it possible
to reduce the uncertainty in the comparison analysis of data on the proton and neutron-induced fission
cross-sections.

Combined analysis of (n,f) and (p,f) cross-sections is of special interest for studies of the fission
process. The quantitative comparison of these cross-sections carried out in [13] revealed the
following empirical dependence of the cross-section ratios on the Z2/A parameter of the target
nucleus:

σpf /σnf  = exp [k(37- Z2/A)] (3)

where k is a function of energy (k>0 for Z2/A≤37, and k = 0 for Z2/A>37). This dependence was
explained in terms of the fissility of the nucleus (Pf = σpf/σin) which is defined by the fission and
evaporation widths: Pf = Γf/Γf + Γn +…
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Since for sub-actinides Γf/Γn <<1, one can obtain that:

Pf ≅  exp(-(Bf (Z
2/A) -Bn)/ T ), (4)

where Bf  and Bn are the fission barrier and the neutron binding energy, respectively, and T is the
nuclear temperature. For Ppf = Pnf it is easy to verify that:

σpf (Z,A,Ep) = (σin)p/(σin)n σnf (Z+1,A,Ep), (5)

provided that Ep = En + Bn -Bp . This relation is clearly seen in Figure 4, where both cross-sections are
given (at 150 MeV) as functions of the Z2/A parameter of the compound nucleus. One can see that all
points follow a straight line giving added credence to the experimental data.

Figure 4. The (p,f) and (n,f) cross-sections of
sub-actinides nuclei vs Z2/A parameter of compound nucleus
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Abstract

The results of a new approach for fission cross-sections at transitive energies are presented and it is
shown that the calculations describe experimental data well for both neutron and proton induced
fission. The development of the approach and corresponding code system for the calculations of
independent and cumulative yields of residual nuclei and fission fragments are discussed and
preliminary results are presented.
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1. Introduction

Nuclear fission of heavy nuclei induced by nucleons at transitive energy region 20-200 MeV is
one of the main reaction channels (the fission cross-sections for actinide region can reach value 0.8-0.9
of the reaction cross-section). The accurate knowledge of fission probability for different fission
chances allows also defining yields of fission products (fission fragment yields and neutrons emitted
from fragment). These data added by particle and isotope yields from other reaction channels (direct
and pre-equilibrium emission of nucleons, evaporation of nucleons and light nuclei) give us the
possibility to develop the nuclear data necessary for the evaluation of activation of the Pb-Bi target of
the accelerator driven systems as well as the data on the fission of fuel and transmutation of actinide
radioactive waste.

The energy region 20-200 MeV is the transitive region from the well-investigated low energy
region to intermediate energy nucleon-induced reactions. It is well-known that for energies of
incoming particles up to 10-20 MeV the mechanism of reaction is defined by the competition between
fission and particle evaporation from compound nucleus and fission cross-sections and yields of
reaction products are well-reproduced by the statistical models. For higher energies the contributions
from the direct and pre-equilibrium reaction stages arise which is used to describe in the framework of
intranuclear cascade and exciton models, correspondingly.

In the given work, the new model approach and computer code is developed where the main
properties of nucleon-induced reactions on heavy nuclei at transitive energies are calculated in the
unified scheme on the base of reliable and detailed description of all main stages of the reaction.

2. The model approach

The scheme of new code is shown in the Figure 1. We use for entrance model simulation the
coupled channel method in Raynal’s version (code ECIS [1]). The deformation of target nucleus in the
ground state as well as the 3 lowest excited levels are taken into account in the calculations. The global
optical model potential for all nuclei from Pb up to Cf for transitive nucleon energies has been developed
by ours early [2]. For all these nuclei and beam energies the reaction cross-section data library has been
developed which is further used in the cross-section calculation of secondary reactions.

The intranuclear cascade model in Dubna version [3] has been included in the code for the
description of the direct stage of the reaction. The chains of primary and secondary cascades lead to
the emission of fast nucleons and the population of residual nuclei in the different nuclear states
characterised by mass and charge numbers, excitation energy and number of excitons (A,Z,E*,XpYh
distribution) which serve as the input data for the pre-equilibrium processes. The decay of excited
states on the pre-equilibrium reaction stage leads again to the particle emission and distribution of
excited nuclei (A,Z,E* distribution). The hybrid exciton model with Monte Carlo simulation [4] has
been used for the calculation of this reaction stage.

The last stage of statistical decay has been described in the framework of a detailed statistical
model based on the well-known code STAPRE [5] for each of the nuclei formed in the previous stages
of the reaction. The statistical part of reaction calculations contains a lot of parameters and special
efforts have been made in order to reduce the number of fitted parameters and to raise the predictive
ability of the code. The new data libraries for the level density parameters, fission barriers, nuclear
masses have been developed and included in the calculation scheme [2].
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Figure 1. Scheme of the new code
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3. Results and perspectives

On the base of the developed code system, the systematic calculations of proton and fission cross-
sections for the nuclei from Pb to Pu have been carried out for transitive energies of incoming
particles. Some results of these calculations are presented in the Figures 2 and 3 in comparison with
the experimental data. It can be seen from the figures that our calculations describe the experimental
data rather well without any fitting of the model parameters. The preliminary results on the isotope
and neutron production are shown in the Figures 4 and 5. The calculations have been done within the
framework of the same approach. The agreement with the experimental data is quite satisfactory for
these data, too.

It is necessary for the fission product yields calculation to include in the code the model of fission
fragment production probability. Such a model should be used at each fission chance for each
fissioning nuclei formed at direct+pre-equilibrium stages of the reaction. At present we are working
out the statistical model of fission fragment yields in Fong’s approximation [6].

Figure 2. The proton-induced fission cross-section of 208Pb
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Figure 3. Neutron-induced fission cross-sections of actinides
in comparison with experimental data
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Figure 4. Yields of U isotopes in the reaction 238U (1GeV) + p
in comparison with the experimental data
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Figure 5. Neutron spectra from reaction Pb + p
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Abstract

Neutron capture cross-section of 232Th have been measured relative to σ(n,γ) for 197Au and σ(n,f) for
235U in the energy range from 60 keV to 2 MeV. Neutrons were produced by the 7Li(p,n) and T(p,n)
reactions at the 4 MV Van de Graaff Accelerator of CEN/Bordeaux. The activation technique was
used and the cross-section was measured relative to the 197Au(n,γ) standard cross-section up to 1 MeV.
Above this energy, the reaction 235U(n,f) was also used as a second standard and the fission fragments
were detected with a photovoltaic cell. The results after applying the appropriate corrections indicate
that the cross-sections are close to the JENDL-3 database values up to 800 keV and over 1.4 MeV. For
energies in the intermediate range, values are slightly lower to the ones from all the libraries.
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1. Introduction

During the past few decades a growing concern for the continuous accumulation of large amounts
of nuclear wastes and for the future of energy production systems has emerged. The green house
effect, the foreseeable limits in fossil fuel resources and the pollution of the environment with
combustion by-products, point to the need towards alternative, innovative and safer strategies. New
challenges for the different fuel cycle options and nuclear waste management, have produced an
impetus in the research for extension of the life span of presently operating reactors, the increase of the
fuel burn-up and plutonium recycling (in particular the incineration of actinides and long-lived fission
products). Furthermore, the 232Th-233U fuel cycle is studied extensively for energy production and as a
waste management option in the next generation of systems like the Energy Amplifier and ATW [1],
thermal or fast reactors and the accelerator driven systems (ADS) [2]. Unfortunately, uncertainty in the
parameters of systems employing the Th-U cycle, caused by discrepancies in the nuclear data available
at present, appears to be higher than the uncertainty caused by different calculational schemes [3].
Hence, the need arises for bringing the quality of these nuclear data to the same level of accuracy as
that of the U-Pu cycle [3, 4].

The most crucial reaction channel in the Th-U fuel cycle is the neutron capture on 232Th, which
leads to 233U after two successive β- decays. Moreover, the above reaction cross-section is currently
required with an accuracy of 1-2% in order to be used safely in simulated techniques for predicting the
dynamical behaviour of complex arrangements in fast reactors or ADS [3]. As an example of its
importance in ADS, a 10% change in the 232Th capture cross-section gives rise to a 30% change in the
needed proton current of the accelerator if the system has to be operated at a sub-critical level of
Keff ≈ 0.97 [5].

Since 1946, there have been a number of relative measurements of the 232Th(n,γ) reaction
cross-section by employing prompt γ-ray detection or activation techniques. However, these are almost
the half when compared to the measurements of 238U(n,γ) reaction cross-section that presents a number
of common features. Furthermore, experiments for the exclusive measurement of the above reaction
cross-section are even less. Since the measured values differ substantially in the energy range
0.05-1.5 MeV and due to the difficulty of re-normalisation, the current evaluations in the above energy
range present discrepancies of the order of 10-30% [4]. Therefore, additional measurements are
needed in order to satisfy the required accuracy.

In the present work, the neutron capture cross-section of 232Th was measured in the neutron
energy range from 60 keV to 2.0 MeV. The activation technique was used and the cross-section was
measured relative to the 197Au(n,γ) standard cross-section of ENDF/B-VI up to 1 MeV. The
characteristic γ lines of the product nuclei 233Pa and 198Au were measured with a 40% HPGe detector.
Above this energy, the reaction 235U(n,f) with values from ENDF/B-VI, was used as a second standard
and the fission fragments were detected with a photovoltaic cell. Several experiments and simulations
were also performed in order to check all the factors influencing the cross-section values, with special
emphasis, to minimise the associated uncertainties and errors.

2. Experimental procedure

Neutrons were produced by either the Li(p,n) or the T(p,n) reaction on the 4 MV Van de Graaff
Accelerator of the Centre d’Études Nucléaires de Bordeaux-Gradignan (CENBG). A deep (1.7 m
depth) “neutron hole” was installed in the neutron beam line of the accelerator in order to eliminate
scattered neutrons from the environment (floors, walls and ceiling). The beam was focused and
collimated to a spot roughly 0.5 × 0.3 cm2 at the target while beam currents were of the order of
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15 µA. At the end of the proton beam line, the target holder was cooled with a continuous flow of a
very thin film of water. This was used instead of compressed air cooling since it was experimentally
checked that the mono-energetic neutron beam was better stabilised when the water flow was applied.

The threshold of the 7Li(p,n)7Be reaction was used for the energy calibration of the VdG
accelerator. The selected proton energies with the corresponding neutron energies are presented in
Table 1. In this table, the minimum (maximum) neutron energy corresponds to maximum (minimum)
proton energy degradation in the LiF target and maximum (minimum) angular spread in the neutron
beam at the position of the Th target. With Li as a neutron source and Ep ≥ 2.4 MeV, a second group
of mono-energetic neutrons was produced due to the population of the first excited state of 7Be. The
intensity of the second group was calculated with a Monte Carlo simulation.

Table 1. Selected proton energies and corresponding reactions in the activation measurements

Neutron source
(mg cm-2)

Irradiation Ep (Min)
(keV)

Ep (Max)
(keV)

En (Min)
(keV)

En (Max)
(keV)

LiF:0.260 Au-Th-Au1 1 881 1 907 0.875 100
0.515 – 1 928 1 991 130 220
0.540 – 1 928 1 995 135 225
0.515 – 2 008 2 070 236 320
0.500 – 2 017 2 077 247 324

– – 2 108 2 166 354 425
0.540 – 2 195 2 256 452 525

– – 2 253 2 313 516 588
0.515 Au-Th-U2 2268 2 325 522 600
0.500 Au-Th-Au1 2 270 2 325 534 600

– – 2 294 2 349 560 626
– – 2 346 2 340 616 680
– – 2 422 2 475 697 760
– – 2 499 2 551 778 840
– – 2 577 2 627 860 920
– – 2 654 2 704 940 1 000

TiT: 1.0 Au-Th-U2 1 700 1 803 870 1 000
– Au-Th-Au1 1 710 1 803 880 1 000
– Au-Th-U2 1 953 2 047 1 126 1 250
– – 2 205 2 292 1 379 1 500
– – 2 458 2 539 1 632 1 750
– – 2 458 2 539 1 632 1 750
– – 2 710 2 786 1 882 2 000

1Al box.
2Fission chamber.

Thorium metal targets (Goodfellow SARL) were of high purity (99.5%), 1 mm thick and a
surface of 1 × 1 cm2. Two experimental devices were used for samples irradiation, a Cd box and a
fission chamber. In the first one, the Th foils were packed together with two Au foils on each side
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(same surface and 0.5 mm thickness) and were placed in a Cd box (5 × 5 cm2 and 1 mm of Cd
thickness) in order to eliminate any contribution from the thermal neutron background. The box was
tied with tiny nylon wires at the centre of a thin Fe ring and aligned with the proton beam; the
assembly was placed at 5 cm from the Cu backing of the neutron source.

Figure 1. Schematic representation of the neutron fission chamber

In the fission chamber, a 235U thin foil (0.04 mg cm-2) on an Al backing (0.047 cm) was used as a
second reference foil. The configuration used with the fission chamber is schematically depicted in
Figure 1. Fission fragments were detected online with a photovoltaic (solar) cell. This device was used
because of its minimal mass inside the neutron fission chamber. The cell was a monocrystalline n+p
junction with 360.36 mm2 surface. The dead zone of the photovoltaic cell was determined by direct
micro-measurement of the thickness of the Al grids. The detection efficiency for fission fragments
from 235U was considered twice that for alpha particles that were observed with a Si surface barrier.
The later was collimated in order to suspend exactly the same solid angle as the cell during the
irradiations.

The Cd box or the fission chamber were irradiated around 20 hours at 0° with respect to the
proton beam. During the irradiation, the flux was monitored with a He3 detector that was placed
2 meters from the neutron source. After each irradiation, the intensity of the γ ray lines emitted by the
de-excitation of the produced nuclei 233Pa (Eγ = 312 keV (38.6%)) and 198Au (Eγ = 412 keV (96%)),
was measured with γ spectroscopy with a 40% HPGe and for 5 cm source to detector distance. The
acquisition time varied between 1-2 hours for Au and 1-2 days for Th. The pulser method was used for
dead time correction. The photopeak areas were determined with the use of PAW program [6]. The
efficiency of the Ge detector was determined with a 152Eu punctual source and the use of GEANT3.21
[7] and MCNP4B [8] simulation codes.

Two more experiments were performed for the estimation of the thermal and epithermal neutron
background in the experimental hall. Prior to irradiations, the coincidence technique of the alpha and
triton produced in the 6Li(n,α)T reaction and detected with two Si junctions (J1-J2) in a “sandwich”
arrangement, was used. Several combinations with different target support materials, with and without
cadmium shielding and distances from the neutron production target were investigated. The optimal
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conditions with the minimum thermal background were produced by placing the cadmium-shielded
device in around 5 cm from the neutron production LiF target that was supported on copper. At the
end of irradiations, the background was measured by irradiating simultaneously three Cd boxes with
Au foils inside and at different distances from the neutron source.

3. Analysis and results

The neutron capture cross-section of 232Th relative to the cross-section σ(n,γ) for 197Au and σ(n,f)
of 235U is given by the relation:
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where <En> is the mean neutron energy in the sample, I the photopeak or fission fragments area, ε the
efficiency for the 233Pa or 198Au γ lines or the fission fragments, N the number of atoms in the samples
and f a time factor relating the measured peak intensities to the end of irradiation. In the case that the
235U foil is used as a second reference, the time factor is simply the time of irradiation. In the present
experiment, the neutron flux in the Th target was assumed to be the same as the mean value of the flux
calculated from the two foils (Au-Au or Au-U) in each side of the Th target. Therefore, the above
formula was modified to account for the time difference in measuring the two Au reference targets or
the different cross-sections in the case of Au-U foils.

The efficiency of the HPGe detector for the activity measurements of thorium or gold samples
was determined with the following way. The dependence of recording decay events by the HPGe as a
function of photon energy was determined with a punctual 152Eu source that was placed at 5 cm or
10 cm. The detector’s geometry was then simulated with MCNP4B and GEANT3.21 in order to
reproduce the observed experimental values. Finally, the detector's efficiency was determined by
replacing the punctual source in the simulation with the extended gold or thorium box. In this way, the
values of (1.19 ± 0.03)% for the recorded 412 keV line of 198Au and (1.27 ± 0.03)% for the 312 keV
line of 233Pa, were obtained. The above values were also confirmed experimentally.

Since the photovoltaic cell was calibrated by replacing it with a collimated and suspending the
same solid angle Si surface barrier, the combined product εU •  NU was measured instead of each

separate term in Equation 1 and a value of 2 × (3.27 ± 0.10) × 1016 was determined. Furthermore, the
dead zone of the photovoltaic cell was determined by direct measurement of the grids thickness and
was found (4.45 ± 0.02)%.

3.1 Corrections

One of the factors with primary importance in fast capture measurements with the activation
method is the thermal-epithermal background present in the experimental hall. Its contribution and
spoiling of experimental results can be non-negligible and have to be corrected. For this reason, two
experiments were performed. In the first, the “room background” was evaluated with the coincidence
technique of the reaction 6Li(n,α)T. Since the alpha and triton particles from thermal or fast neutrons
are emitted in opposite directions with different production rates (300:1) and with different energies,
they can be separated. In this way the contribution of the “room background” was estimated to be
insignificant. However and due to the increased apparatus mass seen by the neutron flux, a
quantitative analysis of the experiment could be of less value.
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Figure 2. Dependence of the total activation on the target–sample distance. Solid curve
represents linear fit of Equation 2 to the data after corrected the 2nd and 3rd Au foils

for flux attenuation (A = 7 205, B = 0.7). Dashed curve represents linear fit to
the data after corrected the foils with an MCNP simulation (A = 7 185, B = 2.3)

Therefore, a simple irradiation experiment was performed with an assembly of three Au foils at
different distances from the neutron source. Since the room-scattered neutrons are uniformly
distributed in the vicinity of the target, the produced 198Au activity should be constant with target-
sample distance. The activity due to the primary neutron source should vary as 1/r2 whereas the in-
scattering contribution from the structural materials near the target or the sample should also exhibit a
distance dependence close to 1/r2. Hence, the total activation of any foil will be given by:

I(r) = A / r2 + B (2)

According to the results obtained and shown in Figure 2, the “room” neutron background
contribution can be considered negligible.

However, the effect of other factors is not negligible and the observed activation of any foil had
to be corrected due to:

•  Neutron energy spread because of proton energy degradation in the source.

•  Effects of finite dimensions of neutron source and targets on neutron energy spread.

•  Second neutron energy group from the 7Li(p,n)7Be* reaction for energies higher than
600 keV.

•  Inelastic and elastic neutron scattering within the intermediate experimental environment

•  Multiple elastic and inelastic scattering in the target foils

Therefore, a Monte Carlo code with all the above effects was developed for an IBM AIX 4.3.2
operating system. The code includes source angular and energy distribution, energy-dependent
cross-sections and considers multiple scattering. All the cross-sections are entered as tables with linear
interpolation. Neutrons are randomly produced inside the target and their angular distribution and
different emission probability in the energy range of the proton degradation in the target is chosen
according to evaluated cross-sections [9,10]. Their path is followed and their energy is monitored. The
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only assumption of the code is that the angular distribution of the produced neutrons is constant in
their energy spread interval.

Diagram 1. Flow diagram of the analog Monte Carlo code for the determination of the correction
factors in the neutron capture cross-section of 232Th

Yes Propagate
neutron

Save entrance
in Au or Th or

U foils

Find neutron location
Find interaction length (IL)
Find boundary length (BL)

Perform reaction and
change energy

Calculate proton energy degradation
Neutron production according

to the total cross-section
Neutron emission according to

the differential cross-section

Load materials
Load cross-sections

Load geometry
Load random generator

No
Elastic

or inelastic ?

Yes

Select interaction
NoIf capture Au or Th or fission U

ÅSave and kill
 otherwise kill

BL<IL

The architecture of the code is schematically depicted in Diagram 1. A best estimate of capture
cross-section values that approximate the “true” cross-sections had to be used as an input data file for
this calculation. The JENDL-3 evaluated nuclear data library was chosen as the source for the required
neutron cross-sections for 232Th and ENDF/B-VI for 197Au or 235U.

The code was applied firstly to the experimental points obtained with the Cd box and the mean
neutron capture energy produced from unscattered neutrons was determined. It was also observed that
captures produced after scattering in the neutron source backing and water or the entrance foils and the
foils themselves (in-scattering or self-scattering), were mainly inside the neutron energy spread and for
some cases amount to as much as several percent of the total captures. A global activity multiplication
correction factor defined as the ratio of captures produced by unscattered neutrons to the total
captures, was determined. It should also be noted that since the neutron capture cross-section of 232Th
was measured relatively and the correction for in- and self- scattering captures was almost the same
for all the foils, it was partially compensated or even cancelled out.

In the case of the fission chamber, the statistics were rather poor and the required running time
exceeded the one available. Therefore, an approximate treatment with MCNP4B was used instead after
comparing its results to that of the developed code for the Cd box. An agreement better than 97% was
observed. It was therefore applied afterwards in all the measurements with the fission chamber.

With the implication of the above correction, the values of neutron radiative cross-section of 232Th
in the energy range from 60 keV to 2 MeV were determined and are given in Figure 3a. In the same
figure, the evaluations of the different databases are also included. The overall error was found to vary
between 3.4 to 7.8%. It is also worth noting the excellent agreement of the cross-section values around
600 keV and 1 000 MeV of neutron energy that were obtained with different neutron sources and
different activation devices.
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Figure 3. Neutron radiative capture cross-section of 232Th of the present work
in comparison with a) the existing evaluated data from the four major neutron

data reference libraries and b) with experimental and normalised data
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4. Conclusions

The values of the neutron capture cross-section of 232Th that were measured in the present work
are in agreement with the JENDL database up to 800 keV and over 1.4 MeV. For energies in the
intermediate range, values are slightly lower to all the databases but in agreement with the most recent
values of Davletshin et al., [11]. Moreover, a re-normalisation of 232Th and 238U neutron capture data
of Lindner et al., [12] (the most reliable considered data and the basis of many evaluations) with 238U
from the current ENDF and JENDL databases was undertaken (Figure 3b). The later reveals that a
very good agreement is reached with the data of the present work, data from a time of flight
experiment that were the basis for the JENDL evaluation [13] and data that could be the basis of a new
BROND or ENDF evaluation [11,12].
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Abstract

Neutron induced fission cross-section of 233Pa in the fast neutron energy range from 0.5 to 10 MeV
was determined for the first time as a two term product of the fission probability of 234Pa nucleus and
the same compound nucleus formation cross-section. The first term was measured with the transfer
reaction 232Th(3He,p)234Pa while the second one was calculated. The tendency of the resulting data to
agree with the existing evaluated one, is a proof for the validity of the utilised method.
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1. Introduction

New reactors using the uranium-thorium fuel cycle are under studies in order to provide safer and
cleaner nuclear energy as highly radiotoxic actinide waste (Pu, Am and Cm isotopes) will be produced
in lower quantities than the currently used uranium fuelled reactors. Moreover, further developments
of this thorium based cycle rely on nuclear data libraries of the quality achieved for the uranium ones.

The primary reaction of importance using the thorium cycle is the one producing 233U from
neutron capture on 232Th, the net production of 233U is controlled by the 27 days half-life of 233Pa: a
fertile nucleus (232Th) is transformed into a fissile nucleus (233U) after neutron capture and 2 successive
β decays.

+n β β
232Th    233Th    233Pa    233U

(22 min) (27 days)

233Pa as a precursor of 233U may capture neutrons and could lead to a reactivity decrease of the
reactor, conversely and after a shut down, the build up of 233U increases this reactivity; this so called
Protactinium effect should add severe requests on the 233Pa and 233U inventories for reactivity control.
There is no equivalent effect in the well studied 238U-239Pu fuel cycle as the equivalent intermediate
isotope 239Np has a relatively shorter half-life (2.35 days).

Furthermore, neither the neutron capture cross-section nor the neutron induced fission
cross-section have been measured for 233Pa up to now. The reason of this absence is the short decay
half life of the 233Pa nucleus (27 days) that leads to an extreme activity of 7.108 bq µg-1 s-1. Due to this
high radioactivity, there is no technique presently available to measure directly the 233Pa(n,f) reaction
cross-section.

The particular aim of this work is to provide data for the neutron induced fission of 233Pa in the
fast neutron energy range from 0.5 to 10 MeV. To overcome the problem of the induced radioactive
233Pa, we have used the transfer reaction 232Th(3He,p)234Pa that leads to the desired 234Pa nucleus as it
should be observed in the 233Pa(n,f) reaction. Several years ago, this method has been used
successfully to estimate the neutron-induced fission of short-lived targets like 231Th (25.6 h), 233Th
(22.1 min) etc.

2. Theory

Transfer reaction measurements give access to the fission probability Pf(E*)   as a function of
excitation energy. The equation relating the two quantities can be written as:
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where α(Eexc,J,π) is the relative population of spin states (J, π).

Neutron induced fission measurements give access to the fission cross-section σF(En) as a
function of the incident neutron energy that is relating to the excitation energy as:

Eexc ≈  Sn + En (2)
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Therefore, the neutron induced fission cross-section can be determined from the following
equation:
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where N(Jπ,En) is the relative final spin states (Jπ) population and Pn,f is the fission probability for the
spin states (Jπ) given from the relation:
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Concluding the neutron induced fission cross-section can be found as a two term product or:

σf(E) ≈ σNC * Pf (Eexc ≈ Sn + En) (5)

The last relation is well verified if we assume that we have enough fission channels so that the
total spin population differences between the two processes do not affect the output channel. This
assumption should  hold for the odd-odd fissionning system 234Pa.

3. Experimental procedure and data reduction

The 3He beam was provided by the IPN Orsay Tandem facility at three different energies (24, 27
and 30 MeV). The 232Th targets (100 µg/cm2) were deposited onto 50 µg/cm2 carbon backings. The
(3He,p) channel has been discriminated among the other competing channels (d, t and alpha outgoing
light charged particles) with a ∆E-E counter telescope placed at 5 cm from the target and at 90°
relative to the 3He beam axis. The ∆E detector was 300-µm thick fully depleted Si detector. The
E counter was 5-mm thick Si detector.

The telescope energy calibration  has been obtained with the reaction 208Pb(3He,d)209Bi using
ground state Q value and excited states in 209Bi, as it is indicated in Figure 1.
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Figure 1. Excited states of 209Bi that were used for the telescope energy calibration

Fission fragments were detected with two multi-solar cell arrangements placed at 5 cm from the
target and at 0° and 90° relative to the recoil direction of the 234Pa nucleus (∼ 27°). The Saclay VXI
acquisition system was used in this experiment, as it was designed and used for the Euroball and
Saphir multi-detector arrays [1]. The master trigger was generated either by a triple coincidence of
signals from the ∆E, E and fission counters (coinc.) or by the double coincidence from the ∆E and E
detectors (singles). The singles spectra have been corrected for the contribution from the carbon
backing by subtracting the spectrum from a separate carbon irradiation run. The two spectrums are
shown in the Figure 2. The coinc. spectra were corrected for random coincidence events by using the
appropriated scaled singles spectra.

The fission probability of 234Pa was calculated from the number of fission events detected in
coincidence with the outgoing light charged particles according to the relation:

Nsingles

Ncoinc2

f
fP

Ω
= π

(6)
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Figure 2. Singles protons and deuterons spectra from the transfer reactions
a) 232Th(3He,p)234Pa (solid line) and b) 12C(3He,p)14N (dashed line)

In the last relation Ωf is the solid angle efficiency for fission fragment detection and it was
determined from a calibrated 252Cf source, placed in the same geometry.

The consistency of the method and the reliability of our measurements were checked with the
reaction 232Th(3He,df)233Pa. Since this reaction had been studied in the past by Back et al. [2], their
fission probability of 233Pa was compared with the one obtained in the present work and an excellent
agreement was found (Figure 3).
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Figure 3. The fission probability of 233Pa as obtained in the present work (open cycles)
and in the Los Alamos experiment by Back et al [2] (full cycles).

Figure 4. Neutron induced fission cross-section of 233Pa and the existing evaluated data
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Following the procedure proposed by J.D. Cramer and H.C. Britt [3], the neutron induced fission
cross-section 233Pa(n,f) was determined as the product of the 234Pa measured fission probability and the
computed compound nucleus formation cross-section of 234Pa. In the later calculation, the transmission
coefficients T(l,s = ±1/2) of Perey and Buck [4] were used. The results obtained are shown in Figure 4
in comparison with the existing evaluated data from the ENDF/B-VI and JENDL-3 reference libraries.

4. Conclusion

Although the results should be viewed as preliminary, a tendency for following the JENDL
evaluation can be observed, at least for neutron energies greater than 4 MeV. The high errors for lower
neutron energies, do not permit a safe conclusion. Due to this, a new experiment is planned in the very
near future which combined with updated transmission coefficients will provide a clear determination
of the neutron induced fission cross-section of 233Pa. It is also planned that the present work will
extend to the measurement of the 233Pa(n,γ) reaction in order to complete our knowledge on the 233Pa
effect.
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Abstract

In the framework of nuclear waste transmutation, we have measured dEdd Ω/2σ  for protons,
deuterons, tritons and alpha production in neutron induced reactions on a lead target. Due to the
structure of the neutron beam, incident neutron energies between 30 and 62.7 MeV have been
obtained at once. The analysis of 62.7 MeV neutron is now complete for hydrogen isotopes and a first
set of comparisons has been done with calculations. On one hand, it is found that the GNASH-ICRU
data do not give the correct cross-sections (neither absolute value nor shape). In the other hand, a
comparison for protons using FLUKA is working reasonably well except an underestimation of the
pre-equilibrium emission around 30 MeV at forward angles and an overestimation of thermal
emission at backward angles. Further data on protons induced reactions at the same energy, obtained
within an European concerted action, will be available soon allowing a stronger constraint on
theoretical calculations.
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1. Introduction

The renewal interests on intense neutron source have put forward the necessity of new sets of
nuclear data. This is particularly true, in the intermediate energy range between 20 and 200 MeV, for
the development of new options for nuclear waste management based on the concept of hybrid system
which combines an intense high energy proton beam with a sub-critical fission reactor. One important
point of these studies is to know precisely the characteristics of the nuclear reactions taking place in
the spallation target that is intended to be in Pb-Bi or Hg. In particular, it’s necessary to estimate, in
reactions induced by neutrons, the production of light charged particles (lcp) which may have critical
effects on materials.

At present, code calculations are used to simulate these phenomena. Below 20 MeV, the upper
limit of the databases, codes provide results with a good level of confidence. Above 150 MeV, Intra
Nuclear Cascade calculations provide also good results. On the contrary, in the intermediate energy
region where the pre-equilibrium emission is important, new theoretical approaches seem to be
necessary to ensure a good link between low and high-energy processes.

These new approaches based on pre-equilibrium models will allow increasing the upper limit
energy value (from 20 to 150 MeV) of data bases providing that theoretical codes could have
sufficient predictive power in this energy range. Thus it’s necessary to measure new cross-sections to
constrain these codes in order to improve their predictive power and to evaluate the quantity of
hydrogen and helium isotopes that will be emitted from the lead target and eventually estimate their
interactions with structure materials. A large concerted program of nuclear data measurements is now
carrying out by several French and European laboratories to measure double differential cross-
sections production for light charged particles in neutron induced reactions on different targets.

We report hereby double differential cross-sections for protons, deuterons and tritons production
from a lead target at 62.7 MeV incident neutron energy.

2. Experimental set-up

The experiment has been done at the fast neutron facility existing at the cyclotron CYCLONE at
Louvain-la-Neuve [1]. The neutron beam is obtained using the 7Li(p,n)7Begs (Q = -1.644 MeV) and
7Li(p,n)7Be* (Q = 0.431MeV) reactions. The neutron facility is presented in Figure 1. The important
features of this line are the presence of a beam peak off, BPO, upstream the lithium target to get the
time at which the neutrons are created and a faraday cup which collect the non-interacting deflected
protons. The scattering chamber is located 3.28 m after the neutron production point and is followed
by a second chamber which contains a second beam monitor system.
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Figure 1. Global view of the experimental set-up

About 106 n/s are available in the reaction chamber when a 10µ A proton beam interacts on a
3 mm thick natural lithium target [2]. The neutron spectrum is presented in Figure 2. It consists of a
well-defined peak located at 62.7 MeV containing about 50% of the neutrons and a flat continuum at
low neutron energy, which is 8 times lower than the peak maximum. The full width at half maximum
of the peak is 4 MeV. The neutron beam spot is quite large at the reaction point as shown in the inset
of Figure 2 that presents the radial neutron distribution normalised to the intensity on the centre.

Figure 2. Neutron spectrum produced by a 65 MeV protons beam on a lithium target. The inset
shows the beam profile, normalised to the centre intensity, 3 m downstream the lithium target.

The experimental set-up is based on the one used by the group of J.P. Meulders [3,4]. The
reaction chamber allows to use simultaneously six telescopes. Each telescope is composed of a ∆E
detector (100 µm thick and 4 cm in diameter NE102 plastic scintillator) and an E detector (22 mm
thick and 38.1 mm in diameter CsI crystal). A set of two collimators is inserted in the telescope as
shown in Figure 3 to precisely define the detection solid angle. The ∆E detector gives a fast time
signal, which allows time of flight measurement and ensures a good reconstruction of the incident
neutron energy. The CsI thickness has been optimised to stop the light charged particles produced in
our experiment and a pulse shape analysis of the signal is performed.
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Figure 3. Schematic view of a telescope

During the experiment, a quite complete angular distribution has been obtained from 20o to 70o

by step of 10o in the forward hemisphere and at 110o and 160o in the backward hemisphere. Two
different configurations have been used to allow two times longer recording data time at backward
angles.

3. Data analysis

The particle identification is obtained by performing a pulse shape discrimination of the CsI
detector signal. Plotting the slow (CsI_s) versus the fast (CsI_f) component of the CsI light output
allows to separate the different hydrogen isotopes as well as the helium. As shown on Figure 4, the
good quality of the discrimination added to the possibility to suppress most of the background
(neutron and γ) using the ∆E-E correlation facilitates the particle identification.

Figure 4. CsI slow versus fast component of the light output
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To get the proton (deuteron) energy calibration of our detectors we have used recoil protons
(respectively deuterons) from elastic neutron scattering on CH2 (DH2) target at 6 different angles from
20o to 70o. The time calibration is also extracted from these data.

Figure 5. Total time of flight as a function of
the measured energy for alpha particles in a lead run

The triton and the alpha calibration have been performed using the time of flight information
available for these particles, following the relation Tcp =Ttot - Tn where Ttot, corresponds to the
measured time between the BPO and the ∆E signals, Tn to the time made by the neutron to go from
the BPO to the target and Tcp to the time of flight of the particle from the target to the ∆E detector.
The special neutron beam energy distribution (see Figure 2) allows selecting only the neutrons from
the peak. The bi-parametric plot shown on Figure 5 presents Ttot versus the measured energy in
channel for alpha particles in a lead run. A clear band appears corresponding to the 62.7 MeV
incident neutrons for which Tn is known. For several points on this band, it is then possible to extract
the alpha particle energy from Tcp and to determine the energy calibration curve. The same method
applies also for the other kind of particles. In particular, the calibration obtained by this method for
protons and deuterons gives similar results as the first method based on elastic scattering. In Figure 6,
calibration curves used for telescope 1 are summarised for isotopes under study.
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Figure 6. Calibration curves used for telescope 1. Proton corresponds to the full black line,
deuteron to the dashed line, triton to the dotted line and alpha to the dashed-dotted line.

Using the calibration curves, it is possible, event by event, to determine the lcp energy and then
Tcp to deduce Tn and the neutron energy. As an illustration, in Figure 7, the total deuteron spectrum is
plotted as a function of energy. The inset of Figure 7 shows the reconstituted neutron incident energy
distribution. By selecting a slice in the neutron spectrum, the deuteron spectrum can be obtained for
the corresponding neutron incident energies. As examples, deuterons created by neutrons of
62.7 MeV (respectively 43 MeV) are represented as hashed histogram (squared histogram). It is then
possible in one experiment using 65 MeV protons to measure cross-sections at neutron incident
energy ranging from 30 MeV to 62.7 MeV.

Figure 7. Deuteron spectrum obtained by selecting 62.7 MeV (respectively 43 MeV)
incident neutron energy is presented as hashed (squared) histogram

The absolute normalisation of the lead double differential cross-section is obtained by using the
n-p scattering cross-section extracted from the CH2 calibration runs [3].
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3.1 Corrections

Several corrections have to be made on our data. One concerns the particle scattering on the
telescope collimators, the others are coming from the target thickness (0.3 mm). In order to quantify
these corrections, we used the GEANT code [5] to simulate as closely as possible the experimental
setup and the beam structure.

3.1.1  Diffusion on the collimator set

In Figure 8, the effect of the collimators on a well define energy beam, as shown on the inset of
Figure 8, have been plotted. The diffusion leads to a long tail at low energy. The broadening of the
peak is due to the energy losses in the target. Using the simulation, it is possible to estimate the
pollution of the tail, normalised to the peak population, in each energy bin. Doing these calculations
from 5 to 70 MeV allows us to have an estimation of the full diffusion contribution. The iterative
correction procedure consists on removing the tail contribution from the spectrum starting from the
highest bin: the population of the highest energy bin does not contain any pollution and the
corresponding tail contribution can be estimated from the simulation and discarded for each bin of the
spectrum.

Figure 8. Simulation showing the effect of the proton scattering on the collimator set.
The inset shows the particle energy before entering our telescope.

The result of such a procedure is shown on Figure 9 for protons at 20o in the laboratory. The
highest spectrum corresponds to the non-corrected one and the lowest one to the corrected one. The
effect of the correction is increasing with decreasing energy bin due to the accumulation of
corrections coming from higher bins. Such correction corresponds to an overall effect of 13% for
protons, 10% for deuterons, 5% for tritons and is negligible for alpha.
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Figure 9. Proton spectrum before and after scattering corrections at 20o.

3.1.2  Thick target corrections

Another correction consists of taking into account the energy lost in the target in order to get the
emitted energy from the measured energy. In Figure 10, the correlation between emitted energy and
mean measured energy is presented for triton and alpha. In both pictures, the dashed line characterises
the equality between both energies whereas dots show the effect of our thick lead target. For triton,
and the other hydrogen isotopes, the difference is small and of the order of our energy binning. It
implies that the correction is a simple shift in energy. On the contrary, the effect for alpha is
important and a special method is being developed.

Figure 10. Emitted energy versus measured energy for triton (left)
and alpha (right) for the used target. The dashed line corresponds to no thickness effect.

The last correction affects only the low energy particles, which are created without enough
energy to cross the entire target and to be detected. This indicates that only the particles created in a
fraction of the target, the part close to the output side, can be detected. It is then possible to determine
a so-called active target fraction (ATF) which can varied between 0 (nothing can escape) and 1
(everything can escape). The correction depends on the emitted energy and on the type of the particle.
Figure 11 shows the evolution of ATF as a function of the emitted energy for tritons and alpha. For
hydrogen isotopes, the correction starts below the maximum of the coulomb barrier down to 0 and its
effect is small due to the low population. For alpha, this effect goes up to 43 MeV implying a special
treatment, which is still under study.
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Figure 11. Active target fraction (see text) as a function of emitted energy.

4. Results

Dealing with all these corrections, cross-sections can be extracted for proton, deuteron and triton.
Using the Kalbach [6] systematic, it is possible to determine the differential cross-section in energy.
Figure 12 presents the dσ/dE for the proton (dots), deuteron (triangles) and triton (square). Energy
bins of 2 MeV have been used for proton and deuteron and of 3 MeV for triton. The proton spectrum
shows a smooth behaviour with a maximum around 18 MeV. For the deuteron spectrum, the
maximum is less pronounced and a small rise appears above 57 MeV due to direct processes. Since
our most forward angle is 20o, we do not have enough information to fit properly this part of the
spectrum and we decide not to determine the cross-sections above 57 MeV for deuterons. For tritons,
the low statistic does not allow us to determine the cross-section above 47 MeV. The integration of
these spectra gives a production cross-sections of 290 ±  22 mb for protons, 70 ±  5 mb for deuterons
and 24 ±  2 mb for tritons.

Figure 12. dσ/dE for proton (dots), deuteron (triangles)
and triton (squares) in n + Pb at 62.7 MeV.

Before starting any comparison with theoretical calculations, it is interesting to compare our
experimental results with those found in the literature. No data exists on neutron induced reactions at
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this energy and the deuteron data of [7] obtained in proton induced reactions are the only data
available to compare with. Since we are looking to deuteron production and that Bi and Pb are
neighbours, the production cross-sections in proton and neutron have to be similar in the pre-
equilibrium region. On Figure 13, double differential cross-sections are plotted for 20o, 60o and 160o.
The black dots correspond to our data and the triangles to the Bertrand and Peelle one [7]. A good
agreement is found on the overall angular distribution.

Figure 13. Deuteron 
ΩdEd

d σ2

 at 20o, 60o and 160o. The dots correspond

to neutron induced reaction (this work) and triangles to proton induced reactions [7].

5. Comparison with theoretical calculations

As a first set of comparisons, we used two well-known code FLUKA and GNASH. The GNASH
data are coming from a publication of ICRU [8] whereas FLUKA [9] results have been obtained
locally. In Figure 14, the double differential cross-sections for protons are reported at 3 different
angles. The left column shows ICRU data as dashed line whereas FLUKA data are plotted on the right
column as dotted line. In all pictures, the black dots correspond to our data. The ICRU data
overestimates, in all spectra, our experimental results. In addition, it presents, at forward angles, a
double humped structure localised at low and high energy which is not present in our data that are
maximum at medium energy. FLUKA is giving a good total cross-section (270 mb) thanks to the
compensation of the underestimation of the medium energy part of the spectrum at forward angles
and the overestimation of the low energy part at backward angles. Nevertheless, the shapes of the
spectra are in close agreement with the data.
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Figure 14. Proton
ΩdEd

d σ2

for n + Pb at 62.7 MeV. Dots are the experimental

data whereas curves in the left (right) column correspond to ICRU [8] (FLUKA [9]) results.

For composite particles such as deuterons, the discrepancy is greater as is shown on Figure 15
where the dashed line corresponds to ICRU data and black dots to our experimental data.

Figure 15. Deuteron 
ΩdEd

d σ2

for n + Pb at 62.7 MeV. Dots are the experimental

data whereas curves correspond to ICRU [8] results.

6. Conclusion

Proton, deuteron and triton double differential cross-sections have been measured in 62.7 MeV
neutron-induced reactions on natural lead target. A special attention has been devoted to the
correction procedures coming from our use of thick target and collimators. Measurements were done
with a good statistic and are in good agreement with data of [7]. The comparison with some well-
known theoretical data from GNASH-ICRU and FLUKA shows some disagreements. The largest
differences are found for GNASH-ICRU that neither reproduces the shape of the spectra nor the
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absolute values of proton spectra. The composite particles are also not correctly reproduced. FLUKA
is giving a good total cross-section value thanks to differences cancelling each other at forward and
backward angles. Further comparisons with theoretical approach are underway especially with model
including pre-equilibrium emission such as MINGUS [10]. Other data on lead using proton-induced
reactions at the same energy beam are under analysis and will be delivered soon to enrich the data
tables.

This work has been supported by the European Commission under the concerted action NoFI4I-
CT98-0017 and by the GDR GEDEON (research group CEA – CNRS – EdF – FRAMATOME).
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Abstract

The HINDAS project (High and Intermediate energy Nuclear Data for Accelerator driven Systems) is
a three years project supported by the European Commission under the Fifth Framework Program. The
gathering of 16 partners, both experimentalists as theoreticians, allows to measure the wealth of new
nuclear reaction cross-sections in the energy range between 20 MeV and 2 GeV on 3 elements of
crucial importance for ADS systems: Pb as a target element, U as an actinide and Fe as a shielding
element. The new experimental data will help to benchmark the existing theoretical models or to
improve them. The assembly of nuclear data tables on those elements will allow interpolating to other
elements appearing to be important in the design and the construction of an European ADS
demonstrator.
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1. Introduction

The HINDAS project (High and Intermediate energy Nuclear Data for Accelerator driven
Systems) is supported by the European Commission under the Fifth Framework Program (September
2000-August 2003) and involves 16 European laboratories. Its general objective is to obtain a
complete understanding and modelling of nuclear reactions in the 20-2 000 MeV region, in order to
build reliable and validated computational tools for the detailed design of the spallation module of an
accelerator driven system. This essential goal can only be accomplished by means of a well-balanced
combination of basic cross-section measurements, nuclear model simulations and data evaluations.

Therefore, three nuclides, Fe, Pb and U have been chosen which provide a sufficiently broad
coverage of the periodic table and are representative of the target, structure and core materials of the
ADS. Hence, not only a few of the top-priority materials are chosen but, more importantly, with
detailed theoretical and experimental knowledge of these particular elements, the nuclear models
present in the foreseen simulation codes of this project will be fine-tuned. These will be employed to
generate nuclear codes and data libraries for the materials that are requested by the ADS community.

The measurements will be performed at six nuclear physics laboratories in Europe, where beams
of proton, neutron and heavy ion (in conjunction with inverse kinematics) as well as relevant
measurement are available.

There appear to be a transition region around 200 MeV for the theoretical models. In the
20-200 MeV region, the theoretical calculations include direct interaction, pre-equilibrium, fission and
statistical models, all with many uncertainties. Above 200 MeV, the theoretical analysis includes the
intra-nuclear cascade model together with fission and evaporation models. A similar transition appears
at about the same energy in the experimental facilities and in the measuring techniques.

The HINDAS project is therefore divided in experimental as well as theoretical work packages,
according to this energy limit. The detection techniques differ also substantially for neutrons, protons
and residual nuclide production, which has motivated a further division of the work packages
according to the detected nuclides. This paper presents these work packages with the different results
that would be available at the end of the project.

2. Experimental work between 20 and 200 MeV

The experimental work in the intermediate energy range from 20 MeV to 200 MeV is condensed
in 3 parts. The measurements of cross-sections of nuclear reactions induced by protons and neutrons
on Fe, Pb and U targets cover 2 work packages and the measurement of residual nuclide production is
the object of the third part. Those experiments will be performed at 4 European accelerators which
allows to cover the entire energy range from 20 to 200 MeV for the proton beams and two of those
facilities can produce monoenergetic neutron beams with time of flight facilities.

2.1 Light charged-particle production induced by neutrons or protons between 20 and 200 MeV (WP1)

The measurement of double differential cross-sections of light charged-particles p, d, t, 3He and 
induced by protons or neutrons on the different chosen targets will be obtained by measuring the
energy spectra of each charged-particle over a large angular range from 15° to 160°. By integration
over the angle, energy differential cross-sections are obtained at each angle, and by integration over
the energy, angular differential cross-sections of the produced particle are deduced. The information
contained in the double differential cross-sections is very stringent for theoretical models of nuclear
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reactions, since the pre-equilibrium reactions have to be taken into account, in addition to the direct
interaction contribution at the high energy part of the spectrum and the statistical evaporation
component at the low energy side of the spectra.

The (p,xlcp) reactions on Pb and U will be measured by the partners of UCL, Subatech and LPC-
Caen at 65 MeV at the CYCLONE cyclotron (UCL, Louvain-la-Neuve), and the same reactions on Fe,
Pb and U at 135 MeV by the partners of Subatech, LPC-Caen and RuG at the KVI cyclotron
(Groningen, The Netherlands) (see also N. Marie, this meeting). For these measurements, 8 triple
telescopes (Si-Si-CsI) allow to measure the light charged-particles over their entire energy range (with
low energy thresholds). Figure 1 shows a picture of the reaction chamber with the triple telescopes.

Figure 1. The reaction chamber and the triple telescopes used in the (p,xlcp) reactions

The (n,xlcp) reactions on Fe, Pb and U will be measured at 65 MeV at the CYCLONE cyclotron
(UCL, Louvain-la-Neuve) (see also M. Kerveno, this meeting). Six �-E telescopes (NE 102 plastic
scintillator – CsI(Tl) detector) detect the charged particles produced by the neutrons on the target. The
information from the telescopes coupled to the time of flight method with excellent time resolution
(less than 1 ns) allows reconstructing, event by event, the energy spectra for each ejectile. Double
differential cross-sections are obtained for the neutron mono-energetic peak (~63 MeV) and also for
energies from the continuum of the neutron energy spectrum [1] (from 30 to 57 MeV).

The (n,xlcp) reactions on Fe and Pb at 100 MeV will be measured at The Svedberg cyclotron
(UU, Uppsala) with a similar detection setup as for the proton induced-reactions. Partners of Subatech
(Nantes), LPC-Caen and UU (Uppsala) are involved in these measurements ([2] and F.R. Lecolley,
this meeting).

Finally, charged-particles multiplicities will be measured in proton-induced reactions on Fe, Pb
and U in the energy range between 130 and 200 MeV by partners from RuG (Groningen).

2.2 Neutron production induced by neutrons and protons (WP2)

Partners of UU and LPC-Caen study elastic neutron scattering (n,n), at 100 MeV for Fe and Pb [2].
Such data are important to determine the nuclear optical potential to high precision in an energy range
where data are essentially lacking. With this model at hand, cross-sections for elastic scattering, which is
the most important reaction channel in the moderation and transport of the source neutrons, can be



774

calculated. Moreover, the optical potential is a necessary component in the description of many other
reaction channels, since it accounts for the behaviour of a neutron entering or emerging from a nucleus.

The measurements will be performed using a recently developed detector set-up, consisting of
two identical detector sets, which can be arranged to cover, e.g., the 10-50 and 30-70 degree ranges.
Each detector set consists of a front veto scintillator, a 1 cm thick plastic scintillator for conversion
into recoil protons, two drift chambers with x-y position sensitivity for proton tracking, and an array of
12 large CsI detectors for proton energy measurement. Absolute cross-sections will be determined by
comparison with the reasonably well-known neutron-proton scattering cross-section.

Furthermore it is proposed to study the feasibility of (n,xn) reactions on Pb at 100 MeV. Such
experiments are difficult to perform, but information is of great importance to understand and improve
quantum-mechanical multi-step direct and classical pre-equilibrium models, as well as statistical
models built on multiple Hauser-Feshbach emission. The measurements will make use of part of the
previously described set-up, together with an active target for conversion of the emitted neutrons into
recoil protons. The active conversion target will be positioned outside the neutron beam, but close to
the Pb target, to obtain a large solid angle for neutrons. The recoil protons will be traced by a couple of
drift chambers, and finally the energy will be determined in the CsI detector array.

Finally, the measurement of double-differential spectra from (p,xn) reactions in Pb and U, using a
65 MeV proton beam will be performed by partners of LPC-Caen, Subatech and UCL. In these
experiments the emitted neutrons will be detected by well-shielded NE213 neutron detectors, placed
around the scattering centre to measure angular distributions. The neutron energy distribution will be
determined using time-of-flight techniques. Neutrons will be distinguished from gamma-rays using the
pulse shape discrimination properties of this kind of detectors.

2.3 Residual nuclide production induced by neutrons and protons and production of long-lived
radionuclides (WP3)

Reliable cross-sections for the production of residual nuclides by medium-energy proton- and
neutron-induced reactions are essential for ADS to calculate the radioactive inventories of the
spallation target, of structural materials and of ambient matter. Production of residual nuclides by GeV
protons in thick or massive targets are a complex phenomenon the modelling of which needs to follow
in detail the inter- and intra-nuclear cascades, the production and transport of primary and secondary
particles. The spectra of primary and secondary particles strongly depend on the material irradiated as
well as on geometry and depth inside the target. To calculate activation rates and radioactive
inventories such calculated spectra have to be folded with the energy-dependent cross-sections of the
underlying nuclear reactions for energies from thresholds up to the initial energy of the primary
particles. Presently, there is no model or code available to predict the required cross-sections with an
accuracy of better than a factor of two on the average. Therefore, one has to rely for the important
nuclides on experimental cross-sections. Such experimental cross-sections are also needed if one tries
to improve models and codes as a basis for validation.

Due to the importance of nuclear reactions of secondary particles, neutron-induced reactions will
dominate the radionuclide inventory of the spallation target though the high-energy primary protons
will significantly contribute. As a consequence, one needs cross-sections for both proton- and neutron-
induced reactions for a reliable modelling of residual nuclide production over the entire energy range.

The data to be determined in this section will provide an experimental basis to calculate such
inventories of the spallation target, of shielding and structural materials for an accelerator driven
system a few minutes after shut-down as well as to validate theoretical work which is needed to
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calculate the very short-lived radionuclides which make up an essential part of the spallation target
during operation of a facility. With respect to the long-term behaviour and the final disposal of
spallation targets and structural materials the precise modelling of long-lived radionuclides will be
essential. Up to now, there are no inventory calculations which take into account long-lived
radionuclides, mainly due to the lack of respective cross-sections.

For the modelling of radionuclide inventories it will be sufficient as a first approximation to have
neutron-cross-sections up to 200 MeV. Measurements of residual nuclide production induced by
neutrons between 30 and 180 MeV are foreseen. For proton-induced reactions one needs the complete
excitation functions up to the energy of the primary beam. The latter do exist from recent work of our
collaboration for most relevant target elements [3]. Measurement of production cross-sections of long-
lived radionuclides via accelerator mass spectrometry (AMS) after chemical separation (partners ZSR
and ETHZ) will be performed between 40 and 75 MeV.

3. Experimental work between 200 and 2 000 MeV

The aim of this work will be to collect high quality data and compare them with the state-of-the-
art nuclear models. Data will be either measured in the framework of the project or have already been
measured by the partners but not yet fully interpreted. In any case, they will be delivered as a ready-to-
use file to be included in international data banks.

Particular attention will be paid to the impact of the new data for applications. Calculations of
several quantities important in the design of ADS target or window will be performed using standard
High Energy Transport Codes. In these codes the elementary cross-sections generated by the old nuclear
models will be replaced either by the most recent version of models from J. Cugnon validated on data
from our collaboration or, when possible and if models are not yet reliable enough, directly by the
measured cross-section. Errors or uncertainties due to the use of the standard codes will be assessed.

3.1 Light charged-particle production (WP4)

This part will be devoted to the collection of data concerning the production of light charged-
particles. These data are important to probe the high-energy nuclear models in which the competition
between neutrons and charged-particles, and the emission of composite nuclei (deuterons, alphas) are
not yet treated satisfactorily. Moreover, the production yields of hydrogen and helium are essential for
estimation of gas production in the window or structure materials of an ADS.

Production cross-sections for hydrogen and helium are being measured using a 4π silicon ball
detector. So far, experiments have been performed at 0.8, 1.2, 1.8 and 2.5 GeV on several targets [4]
and further experiments are foreseen. These measurements are also performed in coincidence with
neutron multiplicity distributions. This allows studying the production rates of protons and alphas as a
function of the excitation energy in the nucleus remaining at the end of the Intra-Nuclear Cascade
stage. All these data will be analysed and compared to high-energy nuclear models.

Implications of the results from this experiment for gas production in some of the components of
an ADS will be assessed, for instance on the lifetime of the window or on structure materials.

Moreover, a new magnetic spectrometer able to measure with a high resolution double-
differential cross-sections for the production of light charged-particles (induced by protons) in
coincidence with low energy neutrons will be designed.
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Figure 2. The Berlin ball detector system

3.2 Neutron production induced by protons in thin and thick targets (WP5)

In this work-package, different types of neutron production data measured recently by the
partners in both thin and thick targets will be collected, cross compared and compared with models.

Up to recently, very little high-quality data concerning double-differential cross-sections of
neutron production were existing above 800 MeV and below there were significant discrepancies
between different sets of data. Partners of CEA-Saclay, CEA-Bruyères and LPC-Caen have measured
neutron energy spectra and complete angular distributions using two complementary experimental
techniques: time-of-flight for the low energy part of the neutron spectrum and neutron-proton
scattering on a liquid hydrogen converter with a magnetic spectrometer measuring the momentum of
the recoiling proton for high energy neutrons. This has allowed to obtain energy spectra of (p,xn)
reactions with a high resolution from 2 MeV to the incident energy, on several targets at 800, 1 200
and 1 600 MeV [5]. The same apparatus was used to measure neutron energy spectra from thick
targets with different length and diameters.

Partner from FZJ has participated to a collaboration using a 4π liquid scintillator detector able to
measure event-wise the multiplicity of neutrons up to 150 MeV on both thin and thick targets of
different length and diameter for incident proton energies of 0.4, 0.8, 1.2, 1.8 and 2.5 GeV over a wide
range of structural and target materials for ADS applications [4]. The neutron multiplicity distribution
in thin targets reflects the excitation energy distribution of the nucleus remaining at the end of the
Intra-Nuclear Cascade stage and is therefore important to understand the reaction mechanism. The
average value of the neutron multiplicity distribution in thick targets is directly interesting for
applications.

The measurements performed by FZJ and CEA-Saclay, CEA-Bruyères, LPC-Caen are
complementary both for technical (energy range of the measurements) and physics reasons (high-
energy neutrons test the intra-nuclear cascade stage while low energy neutrons probe the evaporation
stage). So far, no coherent simultaneous analysis of both experiments has been done. This will be the
goal of this work-package in which, for example, the average multiplicity distributions measured with
the neutron ball will be compared to those inferred from the integration of the double-differential
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cross-sections; the secondary reactions induced in the neutron scintillator detector will be assessed
using results of the high energy neutron spectrum measured by the double-differential cross-section
experiment, etc.... Comparisons with the same high energy nuclear models for thin targets, the same
high-energy transport codes for thick targets, taking into account the rather complex experimental
acceptance of both experiments, will be performed. Results will be used to assess the remaining
deficiencies in the codes to be improved in the theoretical section of the HINDAS project. Simulation
of thick target results will also be realised. Direct applications of the thick target experiments such as
average neutron multiplicities or high-energy neutron leakage for shielding estimation will be
discussed.

3.3 Residual nuclide production in inverse kinematics (WP6)

In spallation reactions of heavy nuclei induced by protons of about 1 GeV, mostly short-lived
radioactive nuclei are produced. The spallation residues are stopped inside the target. They decay
towards stable isobars predominantly by beta decay. After irradiation, long-lived radioactive residues
are identified in mass and atomic number by gamma spectroscopy and by accelerator mass
spectrometry. These experiments provide reliable and comprehensive data on cumulative yields, from
which long-lived activities and final element yields can be deduced. In addition, these techniques
allow for measurements over a large range of bombarding energies. A previous inter-comparison with
available data has revealed that the calculations with nuclear-reaction models are not realistic enough,
but it is difficult to pin down the deficiencies of the models on the basis of cumulative yields. For this
purpose, a complete systematic of isotopic production cross-sections emerging from the nuclear
reaction is urgently needed.

In particular for proton energies above 200 MeV, a substantially different technique, based on the
use of inverse kinematics, has been developed recently which allows identifying all short-lived
radioactive nuclides produced as spallation residues prior to beta decay. Heavy nuclei are provided as
projectiles, impinging on a liquid-hydrogen target. The spallation residues are identified in-flight in a
high-resolution magnetic spectrometer. These experiments allow a much more direct insight into the
reaction mechanism than experiments in normal kinematics and therefore are best suited to improve
nuclear-reaction models which are known to be unable to reproduce available data. In addition, this
technique allows to determine the kinetic energies of the spallation residues [6], an information of
highest importance for estimating radiation damages in structure material of an ADS. That means that
these experiments provide unique and valuable information which complements the results obtained in
normal kinematics. Due to electronic interactions in the spallation target, the primary protons loose
energy and induce nuclear reactions in a wide energy range. However, the higher energies are
particularly important for residual-nuclide productions, since more than 75% of the primary protons of
1 GeV undergo nuclear reactions in the spallation source in an energy range above 700 MeV.
Additional measurements with a liquid deuterium target are aimed to provide information on
spallation reactions induced by neutrons.

The experiments in inverse kinematics and the data analysis being rather complex, only few
projectile species and energies can be investigated. Therefore, the measurements are restricted to 208Pb,
238U and 56Fe at 1 A GeV and partly at 500 A MeV. During the 3-year period of the project, final data
on 208Pb and 238U will be available. It is expected that the full isotopic distributions and kinetic
energies obtained in inverse kinematics in combination with detailed excitation functions of specific
reaction products obtained in normal kinematics provide sufficient information to develop
substantially improved nuclear-reaction models which can then be used in transport codes to predict
realistic energy-integrated production yields in thick targets.
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Finally, a new experimental technique will be developed to also measure neutrons and light
charged-particles in inverse kinematics. This will allow establishing coincidences between these
particles and the heavy residues, an information still more relevant for modelling the nuclear reaction
correctly.

Calculations of the activities, radiotoxicities and element distributions in a realistic lead spallation
target will be performed using transport and evolution codes. The elementary cross-sections generated
by the old nuclear models will be replaced either by the most recent version of models from
J. Cugnon, or directly by the measured production yields on Pb at 1 000 MeV, extrapolated at non-
measured energies using the energy dependence of the excitation functions measured in WP3.

4. Theory and evaluation

For research on accelerator-driven systems, cross-sections for the important materials need to be
known for ALL possible outgoing channels, outgoing channels, outgoing energies and angles. This
total amount of required information is so large that experiments alone can never cover the nuclear
data needs for ADS. To fill this gap, the data are simulated computationally, with the help of
theoretical reaction models. The development of this simulation is done in close correspondence with
the experiments: adjustable parameters of the theoretical models are adjusted in such a way that the
latter reproduce the measurements as closely as possible. The critical assumption is then that the
models can also be used in areas where no measurements exist. Hence, the actual provision of nuclear
data in a form usable for ADS design will be done in two work-packages

•  Nuclear data libraries, improved and extended up to 200 MeV, based on nuclear models.

•  Intra-nuclear cascade models and codes for the higher energies.

4.1 Nuclear data libraries and related theory (WP7)

This part concerns nuclear model calculations for a theoretical analysis of the between 20 and
200 MeV and predictions for the unmeasured channels for energies up to 200 MeV. In combination,
this will be used to construct complete nuclear data libraries for 56Fe, 208Pb and 238U up to 200 MeV,
which will show a clear improvement over all other existing nuclear data files and methods [7].

Theoretical calculations will be performed with a variety of nuclear models at NRG-Petten and at
CEA-Bruyères-le-Châtel. The new model code system will be extended to include a proper treatment
of all channels precisely. Coupled-channels optical models will be constructed for the simulation of
the elastic and inelastic channels, not only for the total (angle-integrated) cross-sections, but also for
the angular distributions. For the continuum reactions, complete outgoing energy and angular spectra
will be included for all light particles. These will be predicted, and compared with the new
measurements, using quantum-mechanical multi-step direct (MSD) and classical pre-equilibrium
models that include novel models for microscopical particle-hole level densities and the optical
models. Multiple pre-equilibrium emission beyond the second step will be included for the highest
incident energies. Complete evaporation of the residual nuclides is accounted for by means of multiple
Hauser-Feshbach emission that includes competition of all possible outgoing particle channels and
fission, while conserving energy, angular momentum and parity. Simultaneously with the double-
differential spectra, the calculated residual production cross-sections will be compared with the
experiments as described in WP3. Both types of observables must be described by one and the same
calculation. High-energy fission will also be included by means of an extension of the Brosa model.
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All possible nuclear reactions will be evaluated simultaneously, in order to ensure flux conservation
and energy balance. The results will be compared with the American GNASH code.

The calculated results will be processed automatically into the ENDF6-format. The results will be
combined with the data below 20 MeV to come to one consistent final library. If the existing data file
below 20 MeV turns out to be inadequate, the cross-sections will be improved in the low energy
regime as well to ensure a smooth transition from low to high energies. All the nuclear data will be
stored in the common ENDF-6 format and will be checked according to a standard QA-system. As
basis for the new high-energy evaluations, the European JEFF library will be used.

4.2 High-energy models and codes (WP8)

The high energy codes, although globally rather successful, suffer from some deficiencies. Both
their inter-comparison and the comparison with existing experimental data reveal, in some identified
regime, discrepancies which are beyond the accuracy required by the engineers working on projects of
ADS or spallation sources. These observations call for improvements of the physics already included
in the cascade codes (in-medium corrections, Pauli principle, mean field dynamics,...), of the
evaporation codes (level densities) and of fission codes (viscosity, evaporation-fission competition at
high excitation energy) [8]. These improvements are part of the specific theoretical task in this project.
They will be realised in successive steps at Ulg-Liège.

The first step will consist of improving the existing codes by including physics aspects not included
so far and by refining some of the physics which is already implemented. For the most recent intra-
nuclear cascade (INC) code, this concerns a proper description of the nuclear surface, an improvement of
Pauli blocking, which present too much fluctuations, and refinements of the in-medium corrections. For
the evaporation codes, the first step will involve a careful examination of the input data and an advanced
development of the fission model at high excitation energy, taking advantage of the forthcoming
measurement of the fission component in reverse kinematics (see WP6). The improvements will be
inspired by the most recent theoretical progress in nuclear dynamics far from equilibrium.

The second step aims at a validation of the improved codes (and other standard codes). An
extensive comparison with the neutron differential cross-sections measured at SATURNE (800 to
1 600 MeV) and with the neutron multiplicities and light charged-particle spectra measured at Jülich
(WP5) will be performed, for both thin and thick target data. In addition, an extensive comparison
with the experimental residue production data to be provided by WP6 will be realised.

As a third step, a new improvement of the codes will be undertaken, if necessary. This work will
involve an adjustment of the introduced parameters to describe less well known physics aspects, like
the parameters regulating the coupling between the INC and evaporation codes and some parameters
of the fission model, especially viscosity.

The final goal will consist in the elaboration of a version of a high-energy transport code
including these new simulation tools. This version could be tested on the thick target data generated by
this project.
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Abstract

This paper is concerned with development of burnable absorber technologies for an accelerator driven
system (ADS) with fast neutron spectrum, HYPER (Hybrid Power Extraction Reactor). Concerning
the ADS loaded with TRUs (Transuranic Elements), one of the major problems is a large burn-up
reactivity swing and the consequent unfavourable slanting of the radial power distribution over a
depletion period. In order to reduce the reactivity drop during core burn-up, B4C is introduced as a
burnable absorber and its efficacy is evaluated for the HYPER system. Taking into account the
radioactive TRU fuel, the inner surface of the fuel clad is coated with a thin B4C layer. Two concepts
of the burnable absorber application are considered, homogeneous and heterogeneous loading of B4C.
In the homogeneous application, B4C is used in all fuel rods, while the burnable absorber is utilised
only in the outer zone of the core in the heterogeneous loading. The burn-up characteristics of the
HYPER cores with and without the B4C burnable absorber are analysed with a Monte Carlo code,
called MCNAP.
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1. Introduction

In Korea, an accelerator driven system (ADS), which is called HYPER (Hybrid Power Extraction
Reactor) is currently under development for transmutation of TRUs (Transuranic Elements) [1].
Concerning the uranium-free fast reactors like HYPER, one of the big problems is a very large
reactivity swing, regardless of the sub-criticality of the core. In an ADS, a large burn-up reactivity
swing means a large reservation of the proton beam current. This large reserved proton current may
result in several unfavourable safety features as well as adverse impacts on the economics of the
system. Also, another concern associated with the large reactivity change is a one-way change of the
radial power distribution during depletion of the core. To resolve this problem, an on-power refuelling
concept, as in CANDU, was studied previously for HYPER [1]. However, the on-power refuelling
makes the system fairly complex and may cause serious engineering concerns.

Several types of burnable absorbers such as boron, gadolinium, and erbium are successfully used
to suppress the initial excess reactivity and to control the power distribution in thermal reactors like
PWRs [2]. Regarding the critical fast reactors such as LMR (Liquid Metal Reactor), poisoning the
core with a burnable absorber is not used to control the reactivity. This is mainly because the excess
reactivity in conventional LMRs is fairly small due to self-generation of fissile elements and thus the
burn-up reactivity swing can be easily controlled by control rods. Of course, it is well recognised that
there is no effective burnable absorber for fast neutron systems due to small neutron capture cross-
sections. When it comes to the fast-neutron ADS loaded with TRUs, however, the situation is quite
different from those of the conventional critical thermal and fast reactors. Basically, any excess
reactivity, which should be suppressed by external control mechanisms, should not be allowed in ADS
in order to guarantee its surmised advantages. Consequently, control rods or absorber-containing
coolant cannot be used to control the reactivity of an ADS. Thus, fixed burnable absorbers, if any,
could only be utilised as the reactivity control mechanism for ADS.

Previously, Stone et al. [3] studied a dual spectrum core to reduce the reactivity swing of the
ATW core, where a thermal spectrum zone is placed in the periphery of the core and 237Np and 241Am
are loaded in the thermal region. They showed that the reactivity swing could be reduced by a factor of
2 in the dual spectrum ATW. However, the smaller reactivity change in the modified ATW is mainly
due to the reduced power density. In addition, the dual spectrum core may lead to a large power
peaking in the interface region between hard and soft spectrum regions.

The simplest way to reduce the reactivity swing is to adopt a low power density core. However, a
low power density needs a large core volume, thus it is not favourable from the economics point of
view. Recently, Hejzlar et al. [4] studied burnable absorbers for a critical Pb-Bi-cooled transmutation
reactor. They evaluated various candidate materials such as B, Re, Hf, Gd, Er, etc. They showed that
10B has the largest neutron capture cross-sections and can reduce the reactivity swing a little. Finally,
they discarded the burnable poison option, in favour of excess reactivity compensation through control
rods.

In this paper, we have re-evaluated the potential of 10B as a burnable absorber for the sub-critical
HYPER core to reduce the burn-up reactivity swing and also to control the radial power distribution.
All calculations are performed with a Monte Carlo code, MCNAP [5], which was developed at Seoul
National University, Korea. It is worthwhile to note that MCNAP has its own built-in depletion
routine
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2. Burnable absorber for HYPER

2.1 The HYPER core

HYPER is a Pb-Bi-cooled ADS under development at KAERI with the aim of transmuting both
TRUs and LLFPs such as 99Tc and 129I. The HYPER system is rated at 1 000 MWth thermal power and
the minimum required sub-criticality is keff = 0.97. Figure 1 shows a schematic configuration of the
evolving HYPER core. In HYPER, a linear accelerator produces the proton beam of 1 GeV and the
proton impinges on the Pb-Bi target in the core central region, generating about 28.84 spallation
neutrons a proton. The proton beam is delivered to inside of the core through a beam tube to maximise
the source neutron importance and also to obtain favourable axial power distribution. For emergency,
3 locations are reserved for safety zones. The fuel blanket region is divided into 3 TRU enrichment
zones (low, medium, high) to obtain acceptable radial power distribution. The low and high TRU fuels
are loaded in the innermost and outermost zones, respectively.

A unique feature of the HYPER core is transmutation of 99Tc and 129I in a localised thermal
neutron zone. Inner region of the FP (Fission Product) assembly is composed of I and moderator
(CaH2) rods to produce thermal neutron and 99Tc-is placed in the peripheral region to block the
thermal neutron leakage into the neighbouring fuel assemblies [6]. Currently, two fuel types are
considered for HYPER, one is the TRU-Zr metal and the other one is the TRU-Zr dispersion fuel,
where TRU-Zr particles are dispersed in Zr matrix. In this work, the dispersion fuel is assumed. Spent
fuels from PWRs of 33 GWD/MTU burn-up, after 30-year cooling time, are reprocessed with a
pyrochemical processing and then recycled into the HYPER core. In the present work, a uranium
removal rate of 99.9% is assumed. Consequently, the HYPER core is not completely free from
uranium elements, instead, uranium occupies about 9 w/o in the fuel as shown in Table 1.

Table 1. Feed fuel composition in weight percent
(33 GWD/MTU, 30-year cooling)

Isotopes Weight percent (w/o)
234U
235U
236U
238U

237Np
238Pu
239Pu
240Pu
241Pu
242Pu

241Am
242mAm
243Am
243Cm
244Cm
245Cm
246Cm

0.2000E-2
0.7894E-1
0.3840E-1
0.8920E+1
0.4449E+1
0.9909E+0
0.4756E+2
0.2168E+2
0.2689E+1
0.4101E+1
0.8649E+1
0.3868E-2
0.7591E+0
0.1207E-2
0.6604E-1
0.7321E-1
0.8515E-3
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Figure 1. Configuration of the Pb-Bi-cooled HYPER core (183 fuel assemblies)

2.2 B4C-coated cladding

In order for a material to be an effective burnable absorber, its neutron capture cross-section
should be much larger than those of fuel elements. Also a neutron capture of a burnable absorber
should not generate nuclides with large capture cross-sections and at the same time daughter nuclides
should be naive in terms of radiotoxicity. Taking into account the above constrains on burnable
absorbers, 10B seems to be the best candidate for the burnable absorbing material of the HYPER core.

10B absorbs a neutron through ),( γn  or ),( αn  reaction. The ),( αn  reaction, i.e. helium production
reaction, is an exothermic process:

,4
2

7
3

1
0

10
5 QHeLinB ++→+

where Q is about 2.79 Mev for thermal neutrons and is a little larger in fast neutron systems. Table II
compares one-group effective cross-sections of boron and plutonium isotopes in the HYPER fuel
assembly. As shown in Table 2, the capture cross-section of 10B is a little larger than the fission cross-
section of 239Pu, the major fissile isotopes of the TRU fuel. Neutron absorptions of 11B and Li-7 are
negligibly small. Table 2 shows that the depletion rate of 10B is a little faster than that of 239Pu even in
very hard neutron spectrum.
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Table 2. One-group effective cross-sections of boron and plutonium isotopes in the HYPER core

),( γσ n , barn ),( ασ n , barn fσ , barn

10B
11B
7Li

238Pu
239Pu
240Pu

241Pu-

2.978E-4
4.468E-5
3.097E-5

0.631
0.397
0.427
0.375

2.307
–
–
–
–
–
–

–
–
–

1.089
1.693
0.358
2.296

The ),( αn  reaction of 10B is exothermic and produces helium gas as well as Li-7. Therefore, care
must be taken, when using 10B as a burnable absorber in nuclear reactors. It is well known that direct
mixing 10B with fuel impairs the fuel integrity since the fuel swelling is enhanced due to helium gas
and liquid-phase Li-7. To overcome this limitation, Westinghouse has developed a burnable absorber
technology for PWRs, where the fuel rod is coated with ZrB2 [2], and achieved successful
performance. Thickness of the ZrB2 layer is about 0.002 cm.

Unfortunately, it is not easy to use the Westinghouse approach directly for HYPER, since the
TRU fuel of HYPER is very radioactive. Therefore, we have used a slightly different option, i.e.
B4C-coated cladding, where the inner surface of cladding is coated with B4C. In the present work, B4C
is used, instead of ZrB2, since it is easily available and has more boron elements than ZrB2. Thickness
of the B4C layer is 0.0009 cm or 0.0012 cm. In the natural boron, abundances of 10B and 11B are 19.8%
and 80.2%, respectively. In order to maximise the 10B loading, it is assumed that 10B is enriched up to
90% atomic percent in this paper. Figure 2 shows the burnable absorber rod for the HYPER core. It
should be noted that two cutback regions, where the absorber is not applied, are adopted to flatten the
axial power distribution.

Figure 2. Fuel rod with B4C-coated cladding in HYPER
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3. Numerical results

The performance of the burnable absorber in Section 2.2 is evaluated in terms of spallation neutron
multiplication and radial power distribution. Two types of burnable absorber applications are compared
with the unpoisoned reference HYPER core, one is a homogeneous loading of B4C (HYPER-HBA) and
the other one is a heterogeneous loading (HYPER-OBA). All fuel rods have the B4C coating in the
homogeneous application, while the burnable absorber is used only in middle and outer zones of the core
in the heterogeneous loading of B4C. In HYPER-HBA, a B4C layer of 0.0012 cm thickness is used and a
little thinner layer, 0.0009 cm, is utilised in HYPER-OBA to enhance the 10B depletion rate. Numerical
tests are conducted for the initial core, which has the largest burn-up reactivity swing.

All calculations were done with the MCNAP code for a 3-dimensional model of the HYPER core,
where each assembly was homogenised by using the volume-weighting method and treated as an
independent cell and the active core was divided into 6 segments in the axial direction. The zone-wise
TRU enrichments were adjusted such that the initial keff should equals 0.97 at the beginning of cycle
(BOC) and also the radial power distribution should be acceptable. The radial power distribution is not
optimised since the objective of this work is to evaluate the potential of the B4C burnable absorber.
Table 3 shows TRU enrichments of the three cores, keff values, and corresponding multiplication
factors at BOC. TRU inventory of HYPER-HBA is about 24% larger than that of the reference core
and it is increased by about 13.4% in HYPER-OBA. Initial sub-criticality was determined by a critical
mode calculation and the depletion calculations were based on the fixed-source mode with a 30-day
time step. In the fixed-source calculations, a generic source distribution was assumed.

Table 3. Zoning of TRU enrichment and initial keff

(L = Low, M = Medium, H = High)

Core type TRU enrichment (w/o) 10B (kg) keff Multiplication
(Ms)

Reference L (19.18), M (24.70), H (30.60)
TRU Loading: 2774.58 kg

– 0.96975
(0.0010)a)

25.281
(0.043)a)

HYPER-
HBA

L (22.63), M (29.07), H (36.18)
TRU Loading: 3436.46 kg

21.858 0.96940
(0.0010)

21.547
(0.050)

HYPER-
OBA

L (19.22), M (28.15), H (34.05)
TRU Loading: 3146.11 kg

13.176 0.97021
(0.0011)

21.946
(0.043)

a) Standard deviation.

The burn-up reactivity drop was evaluated for each core. Currently, the MCNAP code cannot do
both critical and fixed-source calculations for a burn-up point. Therefore, the reactivity change over a
180-day depletion was indirectly evaluated in terms of a spallation neutron multiplication factor (Ms). In
this paper, Ms is defined as 1 plus the number of fission neutrons produced by a spallation neutron in the
fuel blanket. In a critical reactor, the multiplication of a fission source neutron can be represented by
1/(1-keff). However, the spallation neutron multiplication, in sub-critical reactors, is quite different from
the multiplication of a fission source in a critical reactor. Readers who are interested in the multiplication
of a spallation neutron in ADS are referred to our work [7]. Although the source neutron multiplication
cannot exactly represent the reactivity, it can be generally said that the larger k-eff value, the larger Ms.
As far as the accelerator power is concerend, Ms has more practical meaning than k-eff for a sub-critical
reactor, since a large keff does not always mean a high multiplication of the spallation neutron. Table 3
confirms this argument; keff is almost 0.97 in all the three cores, even though the multiplication factor
varies fairly significantly. It should be noted that the proton beam current, required for a constant power
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of the core, is directly determined by the Ms value, not by keff.

Figure 3 shows the evolution of the spallation neutron multiplication during a 180-day burn-up
period for the reference core, HYPER-HBA, and HYPER-OBA. Figure 4 compares the proton beam
currents required for 1 000 MWth fission power. It is observed that multiplication of source neutrons at
BOC is quite different from each other, despite that the keff values are almost the same. Specifically,

sM  of HYPER-HBA is significantly smaller that that of the reference core, while HYPER-OBA has a
little larger sM  than HYPER-HBA. The small multiplication factor of HYPER-HBA is due to the fact
that a significant fraction of the spallation neutrons, which are generated in the central target zone, is
absorbed by B4C before they give birth to their descendants. Meanwhile, the relatively high
multiplication factor of HYPER-OBA is because the inner zone is poisoned with burnable absorbers,
thus the probability for a source neutron to be parasitically absorbed is lower than in HYPER-HBA.

One can see a rapid decrease of the Ms values, in Figure 3, at the early period of depletion. This is
due to the fact that Ms is proportional to 1/(1-keff) and partly because fission products are accumulated in
the core. In Figure 3, it is clearly observed that HYPER-HBA has the smallest burn-up reactivity swing
among the three cases. However, if the cycle length is short, e.g. 120 days, this smaller reactivity swing
has little advantage since larger proton beam current is required, as shown in Figure 4. On the contrary,
for a 180-day operation, it is worthwhile to note that total accelerator power is almost comparable to the
reference case and the peak beam current is smaller than that of the unpoisoned core. This advantage is
attributed to the smaller reactivity swing of the HYPER-HBA core.

For HYPER-OBA, one can note that change in Ms is a little smaller than that of the reference due
to reduced reactivity swing. In addition, the Ms value of HYPER-OBA is a little larger except in the
vicinity of BOC, compared with the reference case. From Figure 4, it is clear that HYPER-OBA needs
smaller integrated accelerator power and also smaller peak beam current than the reference HYPER
core, if the depletion period is greater than 60 days. Figures 3 and 4 indicate that HYPER-OBA has
slightly larger reactivity swing than HYPER-HBA. This is mainly because the amount of B4C in
HYPER-OBA is about a half of that of HYPER-HBA. If thickness of the B4C layer is increased, the
reactivity swing of HYPER-OBA would be reduced further.

Figures 5 to 7 show the normalised radial power distributions at three burn-up points, 0-day,
120-day, and 180-day. In the reference core (see Figure 5), it is seen that slanting of the radial power
distribution is very significant; the inner zone power increased considerably during the burn-up
periods, while the outer zone power decreased. Especially, power density in the innermost fuel
assembly increased by a factor of 1.256 (120-day operation) or 1.394 (180-day operation). Currently,
the maximum allowable radial peaking factor is set to 1.50 for the HYPER core. Consequently, for a
relatively long cycle length, e.g. 180-day, the initial powers of the innermost fuel assemblies should be
much lower than the current values. Of course, the inner zone powers should also be lowered even for
a 120-day operation, since the peaking factor of the inner zone fuel assemblies might be fairly large.
This result confirms that radial power distribution control is a big concern in a sub-critical core with
large reactivity swing. In addition, too large change in the radial power distribution is not favourable
from the discharge burn-up distribution.

For HYPER-HBA in Figure 6, a similar behaviour can be observed as in Figure 5. On the other
hand, one can see quite different trend in the HYPER-OBA core. As shown in Figure 7, the HYPER-
OBA core has also a one-way change in the radial power distribution, i.e. monotonic increase in the
inner zone and decrease in the outer zone. However, the power increasing rate of the innermost
assembly is significantly suppressed, compared with the reference core. In HYPER-OBA, the power
of the innermost assembly is increased by a factor of 1.229 (120-day operation), or 1.300 (180-day
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operation), respectively. This is because the 10B burnable absorbers burn in the middle and outer
zones. This advantage of HYPER-OBA can be used for a longer fuel cycle. If the radial power
distributions are the same at BOC for HYPER-OBA and the reference core, the peak power of the
reference core would reach the criterion earlier than in HYPER-OBA. Based on the current results, it
is conjectured that the fuel cycle length of HYPER-OBA would be at least a month longer than that of
the reference design. Previously, we have seen that the initial source neutron multiplication of
HYPER-OBA is smaller that that of the reference. This is partly because of the lower power density of
the inner zone in HYPER-OBA, as shown in Figures 5 and 7. If the inner zone power were increased
in HYPER-OBA, the initial multiplication of source neutrons would also increase.

In Figure 8, the depletion behaviours of 10B in HYPER-HBA and HYPER-OBA are given. In
HYPER-HBA, 10B burns on the average at a rate of 2.22%/month and 10B depletion rate of HYPER-
OBA is 2.11%/month. HYPER-OBA has a slower depletion rate of 10B since the burnable absorbers
are loaded in relatively low-flux region, i.e. middle and outer zones. Assuming a 3-batch fuel
management in an equilibrium cycle, it is expected that only about 50% of 10B would burn out in the
HYPER-OBA design. Therefore, the residual negative reactivity of 10B is large in HYPER-OBA.
However, as stated previously, the advantages of the HYPER-OBA design such as smaller proton
beam current and longer cycle length would compensate for the negative impacts of 10B.

Figure 3. Multiplication of spallation neutrons over a 180-day depletion in the HYPER cores
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Figure 4. Required proton beam currents for the reference and poisoned cores
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Figure 5. Normalised radial power distributions of the reference HYPER core
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Figure 6. Normalised radial power distributions in HYPER-HBA
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Figure 7. Normalised radial power distributions in HYPER-OBA
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Figure 8. 10B depletion in HYPER-HBA and HYPER-OBA
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4. Conclusions

A homogeneous application of the B4C burnable absorber can be effectively used in reducing the
burn-up reactivity swing. However, it is not favourable in terms of source neutron multiplication, since
a significant fraction of spallation neutrons are parasitically absorbed by B4C before they are
multiplied. In sub-critical reactor, absorbing materials should not be placed in the neighbourhood of
the target zone.

Loading of 10B burnable absorbers in the outer zones is required in order to minimise the parasitic
neutron absorption by 10B. In this application of 10B burnable absorber, the integrated and peak proton
beam powers are lower than those of the reference design. In addition, this kind use of 10B can
considerably mitigate the slanting phenomenon of the radial power distribution, which is a critical
problem in TRU-loaded sub-critical reactors. Consequently, outer zone loading of B4C can lead to a
longer cycle length, compared with the unpoisoned reference core.

Finally, it is concluded that 10B has a relatively high potential as a burnable absorbing material for
fast sub-critical reactors and introduction of a burnable absorber would open a new research field to
optimise the core design of ADS.
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