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Abstract 

 
In accelerator-driven systems, the neutron spectrum will extend all the way up to the 

incident beam energy, i.e., several hundred MeV or even up to GeV energies. The 

high neutron energy allows novel diagnostics with a set of measurement techniques 

that can be used in a sub-critical reactor environment. Such measurements are 

primarily connected to system safety and validation. This report shows that in-core 

fast-neutron diagnostics can be employed to monitor changes in the position of 

incidence of the primary proton beam onto the neutron production target. It has also 

been shown that fast neutrons can be used to detect temperature-dependent density 

changes in a liquid lead-bismuth target. Fast neutrons can escape the system via the 

beam pipe for the incident proton beam. Out-of-core monitoring of these so called 

back-streaming neutrons could potentially be used to monitor beam changes if the 

target has a suitable shape. Moreover, diagnostics of back-streaming neutrons might 

be used for validation of the system design. 
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1 Introduction

Since the discovery of nuclear fission, it has been a major goal to utilise it for
useful purposes. In the 50’s, nuclear energy seemed to be able to serve as a
universal source of energy and power for mankind. It was supposed to produce
electricity, and to drive engines, air-planes, and space rockets. It was envisioned to
use nuclear explosions to change the directions of rivers, join seas, tear mountains,
or fill valleys. From that time, nuclear energy has undergone dynamic development
and has become widely used in many countries. However, efforts on its application
in large scale have mainly concentrated on electricity generation in nuclear power
plants, or as propulsion for icebreakers and submarines. Nowadays, more than 15
countries generate at least a quarter of their electricity in nuclear power plants
and in France and Lithuania more than 70 % of the installed electricity capacity is
nuclear [1]. Nevertheless, the significantly decreasing number of nuclear reactors
newly introduced to operation and public resistance to nuclear energy are signs of
an incipient crisis of confidence in current concepts of nuclear energy exploitation.

Today the world is facing an extremely difficult challenge, that of producing
sufficient energy to sustain economic growth without ruining the ecological equilib-
rium of the planet. The massive use of fossil fuels has allowed the Western World
to reach an unprecedented level of wealth. Unfortunately, if the rest of the world
population were to carry out the same energy policy, the entire planet could be
in serious problems. Therefore, there is a moral obligation for developed countries
to provide new energy sources for the entire world in order to minimize global
warming and other effects of pollution [2].

Nuclear power would be an ideal energy source as it releases neither greenhouse
gases nor chemical pollutants (NOX , SOX , etc). In fact, in normal operation it
releases less radioactivity than a coal-fired generation station (coal ashes contain
uranium and thorium). One of the major issues related to public acceptance of
nuclear power is the production of high-level radioactive waste, primarily in the
form of spent nuclear fuel. Therefore, the question always arises in the nuclear
field whether it is possible to change the nuclear energy production in such a way
as to make it more acceptable to society. There have been many improvements on
the technical side but primarily for safety purposes [2].

There is an ongoing development of transmutation technologies for nuclear
waste management by using accelerator-driven systems. In such a system, a high
power accelerator produces a proton beam impinging on a heavy target (Pb or Pb-
Bi), thereby generating a large number of neutrons via spallation reactions. These
spallation neutrons leak out from the target, after different kinds of interactions
with the target nuclei and these induce nuclear reactions in a blanket surrounding
the spallation target. This blanket is loaded with materials to be incinerated.
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2 Nuclear fuel management

Transuranic elements (TRU) and fission fragments (FF) are the two main compo-
nents of high-level nuclear waste, representing 1.1% and 4% of spent nuclear fuel,
respectively. TRU, produced by neutron capture in the fuel, can only be success-
fully incinerated by fission, while the radioactivity of the FF can be modified by
neutron capture; therefore, different methods will have to be used, if the ambition
is to eliminate them. Nuclear waste (especially spent fuel) management has be-
come one of the crucial problems of nuclear energy exploitation. There must be a
safe and efficient way to deal with this waste. According to the level of radioac-
tivity nuclear wastes can be categorised in three different levels: low, intermediate
and high-level wastes. There is little doubt how to handle low and intermediate
level nuclear wastes. Two different processes play a significant role here - dilution
and concentration. Either such wastes are diluted to levels which are acceptable
for release into the environment (low level wastes) or they are concentrated, en-
capsulated, and finally safely stored in a repository (low and intermediate level
wastes) [2].

Spent nuclear fuel is in some countries, like Sweden, considered a non-reusable
material. Naturally, it is necessary to separate long-lived highly radioactive mate-
rials from our environment and prevent them as much as possible from having an
impact on nature. In this case, extremely long term (100 000 - 1 000 000 years) ge-
ological disposal of these wastes is proposed. Many countries are planning to build
permanent repositories in stable geological formations, with the Yucca Mountain
facility in the USA as an example. However, there are concerns about the integrity
of the barriers over such a long time, as well as that geological formations and the
climate might change. It is easy to understand that the possibility of a safe and
continuous repository operation over such a period of time becomes questionable.
It is important to notice that spent nuclear fuel contains some amount of primary
(e.g. 235U) and produced fissile isotopes (e.g. 239Pu, 241Pu). These can be fur-
ther used in current types of nuclear reactors, i.e., boiling water reactors (BWR),
pressurised water reactors (PWR) and fast breeder reactors (FBR). If so, these fis-
sionable isotopes have to be separated from the spent fuel. But the spent nuclear
fuel contains also other fissionable materials, i.e., higher actinides (e.g., 241Am).
An example of a sequence of reactions starting with 238U and producing plutonium
and americium is

n+238U →239U+ γ →239Np + e + υe →239Pu + e + υe

n+239Pu →240Pu+ γ
n+240Pu →241Pu + γ →241Am + e + υe

The fission products are created when a heavy nucleus undergoes fission and
is disintegrated into two fission fragments, also releasing two or more prompt neu-
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Figure 1: Time evolution of the radio-toxicity of the two main components of
nuclear waste for spent PWR fuel [2].

trons. These fission products are generally shortlived and most of them disappear
rapidly after the reactor has been shut off. However, a number of them has rela-
tively long half-lives and remain toxic for an extended period of time. For instance,
90Sr and 137Cs have half lives of about 30 years and are the most radio-toxic iso-
topes of the spent fuel during the first centuries after discharge. 99Tc, 129I and
135Cs have half-lives longer than 100 000 years and, although much less radio-toxic,
might possibly turn out to be a potential problem in the very long run. If excess
neutrons in a reactor are available they may be used for the transmutation of some
long-lived radioactive isotopes into short-lived or even non-radioactive (stable) ones
as well as for the breeding of nuclear fuel (233U, 239Pu) from non-fissile materials
(232Th, 238U) respectively. Unfortunately, current reactor systems are not able
to supply such an excess of neutrons. Criticality, the neutron energy spectrum
and low neutron fluxes are some of the principal limitations for the transmutation
there. Current reactors are designed as critical systems in order to achieve stable,
self-sustaining chain reactions. Therefore, the neutron economy is very tight. In
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the same way, neutron fluxes are insufficient to achieve desirable transmutation
results. Moreover, the moderated neutron energy spectrum in LWRs is not very
efficient for incineration of many TRU nuclides. A proposal to overcome these
disadvantages is to introduce hybrid sub-critical reactor-accelerator systems called
Accelerator-Driven Systems (ADS).

3 Accelerator-driven systems

3.1 Introduction

These systems consist of three main units - the accelerator, target and blanket.
The basic idea of an accelerator-driven system is to operate a sub-critical reac-
tor driven by an accelerator that generates high-energy (around 1 GeV) charged
particles (e.g. protons), which strike a heavy material target. This bombardment
leads to the production of a very intense neutron flux (a process called spalla-
tion). Because the fission multiplication chain reaction in a sub-critical core is
not self-sustained, this external neutron source must be continuously supplied to
the core. The spallation neutrons leak out from the target, after different kinds
of interactions with the target nuclei, and are subsequently multiplied in the sur-
rounding sub-critical core (often called a blanket). In the core, the transmutation
of actinides and fission products takes place. Various investigations have indicated
that a fast neutron spectrum is needed to achieve high fission rates. For this pur-
pose, liquid metals, such as sodium, lead or lead-bismuth are eligible candidates as
coolant materials. The most promising materials for the spallation target are liquid
lead and lead-bismuth eutectic (LBE), due to their favourable spallation-neutron
production characteristics and their suitable thermal properties. Gas cooling has
been discussed as an alternative strategy, but recent assessments have pointed out
difficult safety problems associated with gas cooling in ADS technologies [3].

3.2 History of ADS

The idea to use accelerator-driven systems is not new. Over the past few decades,
however, the motivation for its development has changed. Originally ADS was
developed to produce fissile materials, namely 239Pu from 238U or 233U from 232Th
in the Material Testing Accelerators project at the Lawrence Livermore Radiation
Laboratory during the World war two [4]. This project was abandoned in 1952
when high-grade uranium ores were discovered in the United States. In addition,
the subsequent idea of exploiting the spallation process to transmute actinides and
fission products directly turned out to be inefficient. The proton beam currents
required were much larger than the most optimistic theoretical designs for an
accelerator at that time. Recent rapid development in accelerator technology has
prompted a new wave of interest in using ADS. Since the end of the cold war,
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Figure 2: A conceptual view of an accelerator-driven system [3].

another strong impetus to develop ADS has appeared: the destruction of surplus
weapons-grade plutonium.

3.3 Current development

In the last few years, hybrid accelerator-driven systems have been proposed for
different purposes. Los Alamos National Laboratory has developed several ideas
to use hybrid system with a linear accelerator based on thermal and recently also
on fast neutrons for incineration of plutonium and higher actinides, for weapons
tritium production, for transmutation of some fission products as well as for gen-
erating energy [5]. In 1997, a CERN team lead by Carlo Rubbia proposed a
cyclotron-based hybrid system to produce nuclear energy based on a thorium fuel
cycle [6].

For developing the ADS systems some experiments involving the coupling of an
accelerator and a target/blanket have been built up, such as MUSE, MEGAPIE,
Yalina and SAD.

The MUSE experiment, Cadarache, France, has provided a valuable means
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for investigating the physics of sub-critical systems in the presence of an external
neutron source, and for validating experimentally the theoretical methods and
calculation tools developed to characterise such a system. The experiment was
based on the low-power reactor MASURCA, to which a DT generator was coupled.

MEGAPIE (MEGAwatt Pilot Experiment), at Paul Scherrer Institute (PSI),
Villigen, Switzerland, is a joint initiative to design, build, operate and explore a
liquid lead-bismuth spallation target for 1 MW of beam power, taking advantage
of the existing spallation facility. It was initiated by CEA, FZK and PSI in 1999.

The Yalina experiment in Minsk, Belarus, is based on external neutron gen-
erators employing the DD and DT reactions, coupled to a zero-power sub-critical
core. The neutron energy spectrum in Yalina is thermal.

The SAD (Sub-critical Assembly in Dubna) experiment has been setup at the
Joint Institute for Nuclear Research (JINR) in Dubna, Russia, in collaboration
with CEA (Cadarache), CIEMAT (Madrid), FZK (Karlsruhe) and KTH (Stock-
holm) [7]. This experimental reactor system is composed of the three main com-
ponents characteristic of an accelerator-driven system; a proton accelerator, a
spallation target and a sub-critical core [8, 9]. SAD is described in some more
detail below.

4 Sub-critical Assembly at Dubna (SAD)

4.1 Overview of the project

The construction of large sub-critical accelerator-driven systems should be pre-
ceded by experimental checks of the theoretical predictions and estimations of the
technological features of such systems. The SAD project at the Joint Institute for
Nuclear Research (JINR) in Dubna, Russia, has been designed to address some of
the most important issues in this development:

- Substantiation of safety of operation of such systems;
- Validation of calculations of the ADS power gain;
- Choice of fuel, target type and reflectors;
- Design of an active core;
- Development of methods of reliable monitoring of keff ;
- Measurements of the ADS power gain;
- Measurements of the contribution of the high-energy (E >10 MeV) part of the

neutron spectrum, which is especially important for radiation protection issues.
To study these issues an ADS with a thermal power of about 15-20 kW is

sufficient [10]. SAD is using an existing proton accelerator, the JINR phasotron,
that produces a beam of 660 MeV and about 0.9 µA, resulting in abeam power
of about 0.6 kW. The fuel is standard fast-reactor MOX (70% U, 30% Pu) with
a keff of about 0.95, i.e., with a neutron amplification of about 20, resulting in a
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core thermal power of about 12 kW, i.e., within the range indicated above. Since
the thermal power is very low, the system has been designed for air cooling by
natural convection. Discussions about forced air cooling is in progress [11].

4.2 System design and modeling

As has been described above, the SAD system is based on an existing accelerator,
coupled to a modified existing low-power research reactor. The proton beam hits a

Figure 3: Horizontal cross sectional view of the SAD target. The distance between
two opposite sides of each hexagonal target cell is 3.6 cm. Neutron flux calculation
positions used in the simulations presented in section 6 - 7 are indicated.

target of lead, which generates a large number of neutrons via spallation reactions.
The produced neutrons leak out from the target, thus providing the sub-critical
core with a strong neutron source. Fig. 4 shows a vertical cross section of the
present SAD target and core region. In fig. 4, the accelerator tunnel, target, core
and impact pit of the proton beam are shown. The core is surrounded by a lead
reflector and core support. The effective multiplication coefficient is keff = 0.95.
The proton beam induces a total core power of about 15-20 kW in this system.
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Figure 4: Vertical cross section view of the present SAD design, including the
target (60 cm height), the core, core support and the 10 cm beam impact pit.

The target is replaceable, with two possible materials; lead and tungsten. In
the present study, lead was used as reference target material. The target consists
of 19 hexagonal rods, each with a distance between two opposite sides of 3.6 cm,
and the height of the target is 60 cm (see fig.3). In order to obtain a maximum
neutron density in the centre of the core and thereby maximising the proton source
efficiency, the impact position of the proton beam is located 10 cm above the
bottom of the active part of the fuel (see fig. 4). This beam impact pit is achieved
by removing the first 10 cm of the central target rod only, i.e., the pit is hexagonal
with 3.6 cm side-to-side distance. As will be discussed later, the existence of
this pit might allow useful diagnostics of the proton beam position. The radius
of the radially uniform proton beam is 1.5 cm. An extensive modelling of the
neutronics of the system has been performed. The aim has been to optimize the
design and the radiation shielding. For these simulations, the MCNPX [12] code
has been used. In the present work, the standard SAD simulation packages as
well as simplified MCNPX models have been used to study possibilities to use fast
neutrons for diagnostics. An introduction to MCNPX is given below.
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Thermal core power 15-20 kW
Proton energy 660 MeV
Proton beam current ∼ 0.9 mA
Proton beam power ∼ 0.6 kW
keff ∼ 0.95

Spallation target Pb, W
Fuel type BN-600(MOX) (30% Pu+ 70% U)
Target radius ∼ 9 cm
Outer core radius ∼ 25 cm
Core height 51 cm
Reflector Pb
Coolant Air
Biological shielding Heavy concrete

Table 1: The main characteristics of SAD [10].

5 MCNPX

5.1 The Monte Carlo method

The Monte Carlo method provides approximate solutions to a variety of physical
and mathematical problems by performing statistical sampling experiments on a
computer. In a particle transport problem, individual particles are simulated and
the outcome of their history (i.e., the behavior of the particles) is recorded and can
for example be used to determine the average behavior of the transported particles.
In MCNPX, the outcome of the life of transported particles is determined from
the probability distributions of the possible physical events (fission, scattering,
capture, etc.), which are randomly sampled and used together with data libraries.
Every particle is followed from its creation to its termination. The program creates
a particle track for every single particle. If a particle interacts, new tracks are
created for the old particle with the new direction (and energy), and for the new
particles created in the interaction (see fig. 5). To determine if and where an event
occurs, data (e.g., cross sections and density) and physical models are used.

5.2 Neutron physics in MCNPX

For every isotope or element, either one continuous-energy or one discrete-reaction
interaction table is required. Thermal data are only required if the neutrons are
transported at sufficiently low energies where chemical (molecular) binding and
crystalline effects are of importance. Dosimetry data are optional and can be used
if one wants to determine reaction rates. When MCNPX runs, the particle tracks
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are computed event-by-event. If a particle collides with a nucleus, a standard
sequence always occurs, which in the case of neutrons is as follows:

Figure 5: Representation of the random history of an incident neutron in a slab
of material that can undergo fission [12].

1. MCNPX identifies the collision nuclide by considering the total cross section,
σT .

2. Particles created in the collision are generated for subsequent transport.
3. Neutron capture is modeled with consideration of the absorption cross-

section, σa.
4. If thermal treatment is not used, either elastic scattering or an inelastic

reaction (including fission) is selected, and the new energy and direction of the
outgoing track(s) are determined. The selection of elastic scattering is based on
the probability

σel

σin + σel

=
σel

σT − σa

where σel is the elastic scattering cross section, σin is the inelastic cross section,
σa is the absorption cross section and σT is the total cross section (σT = σel +
σin + σa). The directions of emitted particles are determined by sampling angular
distribution tables from the cross section files. The energy of the excited particles
is determined from scattering laws that are sampled independently from cross
section files for each excited particle.

5. If the energy of the neutron is below a predefined threshold and an appro-
priate thermal table is present, the collision is modeled by the thermal treatment
instead of by step 4.
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5.3 Simulation in MCNPX

When simulating in MCNPX, the user creates an input file containing all informa-
tion about the problem that is to be simulated. The input file should be on the
following form:

Problem title
Cell Cards
(Blank line)
Surface Cards
(Blank line)
Data Cards

The geometry of the setup is divided into cells. The Cell Cards contain infor-
mation about the material, the density in the cells and the geometry of the cells.
The Cell Cards can also contain information about which particles in the cells
that are of importance. In the Surface Cards all the surfaces in the problem are
defined. These surfaces are used for defining cells, sources, etc. The Data Card
contains information about the source (like the position, the energy, the direction,
etc.), how to detect and what particles to detect, the materials in the cells, the
number of particles to be simulated and the appearance of the output file.

Since MCNPX only present requested data in the output file, the user needs
to specify, with so called tallies, the aspects of interest in the input file. MCNPX
is able to simulate (tally) the particle flux, the particle current and the energy
deposition over surfaces, or cells, in the geometry. Tallies are normalized to be per
starting particle (except for a few special cases).

The relative error [12], denoted R, is defined to be one estimated standard
deviation of the mean Sx divided by the estimated mean x. In MCNPX, the
quantities required for this error estimation - the tally and its second moment -
are computed after each completed Monte Carlo history, which accounts for the
fact that the various contributions to a tally from the same histories are correlated.
In simple terms, R can be described as a measure of the goodness of the computed
result. This relative error can be used to form confidence intervals around the
estimated mean value. When approaching an infinite number of events, there is
a 68% probability (i.e., a 1σ Gaussian interval around the mean value) that the
true result lies in the range x(1±R). For a well-behaved tally, the relative error R
will be proportional to 1/

√
N , where N is the number of histories. Thus, to halve

R, the total number of histories must increase fourfold. The relative error is used
for evaluation of the results, and a guideline for interpreting the relative error is
listed in Table 2.
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Range of R Quality of the Tally
0.5 to 1.0 Not meaningful
0.2 to 0.5 Factor of a few
0.1 to 0.2 Questionable
< 0.1 Generally reliable
< 0.05 Generally reliable for a point detector

Table 2: Guidelines for interpreting the relative error R [12].

6 Neutron diagnostics for ADS

6.1 Why do we need neutron diagnostics?

An ADS is a highly integrated system, where neutrons are the driving agent of the
processes involved. The present work is focused on whether detection of neutrons
in various places could be used to reveal technical system properties. To make
the scope limited to a reasonable size, some restrictions have been made. Neutron
diagnostics at traditional critical reactor energies, i.e., up to 10 MeV, are not
the primary aim of the present work. Such diagnostics is being developed in all
the ADS test experiments previously mentioned. Another issue not covered is
detection of stray neutrons of importance to radiation protection, which in the
case of SAD has been dealt with recently [13]. The primary focus of the present
investigation is the potential to use very fast neutrons, above 10 MeV, for technical
diagnostics of the system, i.e., to study whether fast neutron detection can be used
to reveal technical properties of the system.

6.2 What can be learned from neutron diagnostics?

The more general issue of system validation is not explicitly discussed in the present
work, but could potentially become an important by-product. In any ADS research
experiment, like SAD, measurements of neutron properties, like energy spectra, in
various places can be used to validate the design as well as the input used in the
simulations. Integral experiments can be used to verify the quality of, e.g., the
nuclear data libraries used. Although the present work is focused on neutron diag-
nostics for system performance, the measurement techniques investigated could
potentially, or even likely, be used for design validation. When outlining the
present project, a few boundary conditions were identified. The only source of
the neutrons above 10 MeV is the spallation target, while neutrons below that
energy can be created also in the blanket, primarily by fission reactions. Thus,
fast neutron diagnostics is primarily a means for target investigations. This in
turn leads to important boundary conditions on the detection methods. In a re-
alistic ADS, the target and blanket must be closely coupled, leaving little room
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for detectors. As a consequence, all diagnostics embedded in the system has to be
performed with small-size equipment.

An alternative approach, not widely considered in the present work, is to use
neutron guides out from the core to port holes where external detectors could be
used. Such guides are in general interfering with the system, and are very difficult
to install after the system has been commissioned. Thus, they have to be very
well motivated, and have to be part of the design already from the initial phase.
There is, however, one particular neutron guide that will inevitably be installed in
all ADS systems: the proton beam line. In it, neutrons produced in the target can
escape the system. This so called neutron backstreaming can provide possibilities
for high-quality diagnostics outside the core, thereby enabling use of much more
sophisticated techniques than for in-core monitoring.

As has been discussed above, the only source of very fast neutrons is the target.
Thus, fast-neutron diagnostics is a potential tool for investigation of target prop-
erties. It makes therefore sense to study the target parameters that can change
during operation. This essentially limits the investigation to two properties. The
position of incidence of the primary proton beam could move and the target den-
sity could change as a result of a higher temperature, in both cases resulting in
a changed spatial or energy distribution of the neutron production. The former
is possible in all ADS systems, while the latter is a real possibility only for liquid
targets. In the present work, the SAD system, using solid targets only, has been
used for the simulations but since the aim of the investigation is to study gen-
eral features, we have taken the liberty to model a lower target density simply by
artificially forcing a reduced density in the simulation input.

6.3 Simulation model

The ambition of the present work is to find general features of fast neutron di-
agnostics for ADS. For that purpose, simulation of any research system would be
useful. It turned out, however, that we could obtain a fully developed MCNPX
simulation package of the SAD system, and hence this was adopted for the project.
Full-scale simulations of the entire SAD system do, however, consume significant
computer time. Therefore, we have performed initial simulations with a simplified
model of the SAD target, without a surrounding core. With this test model, a
large number of simulations have been performed. A subset of results have subse-
quently been validated by full SAD simulations. This concerns in particular cases
when the blanket can be expected to influence the results.

6.4 The test model

In figs. 6 and 7, a schematic view of the cylindrical test model showing only the
target and detectors is presented. The target height is 50 cm and the radius is 9
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cm. Four detectors, a, b, c and d, are surrounding the target cell. Each detector
has a 1 cm radius and is 50 cm long. Two other detectors are located on the top
and bottom of the target. The four detectors on the side of the target are divided
into four segments, 1, 2, 3 and 4, numbered from bottom to top.

Figure 6: Horizontal view of the test model with four detectors, a, b, c and d.

The neutron flux of the particles that leak out at the detector area surrounding
the target was calculated with MCNPX. The MCNPX simulation was used in
coupled neutron, proton, and photon mode.

Figure 7: Vertical view of the test model including detectors.
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7 Results

The results presented below are considered reliable according to the MCNPX
guidelines presented in Table 2, section 5.3.

7.1 Test model

7.1.1 Change of beam position

The effect of a displacement of the incident beam has been investigated by simu-
lating the neutron emission from the target for two cases, one in which the beam
hits the target centrally, and one with the beam moved 1 cm sideways towards
detector a. In fig. 8 the integrated neutron flux in the range from 20 to 600 MeV
is presented. There is a significant increase at detector a and decrease at detector
b and no change at detector c and d. The flux ratio between detectors a and
b changes from 0.98± 0.01 to 1.57± 0.02. The errors quoted are satistical only.
The magnitude of this change is in agreement with simple estimates in which the
attenuation of neutrons is presumed to depend on the total cross-section. For such
a model, a ratio of 1.60 is expected for 100 MeV neutrons with a 1 cm change of
the incident beam.

Figure 8: Neutron flux in the detectors a-d for central beam (filled bars) and for
incident beam moved 1 cm towards detector a (unfilled bars). The neutron flux
refers to integration of the 20 to 600 MeV energy range. The flux scale is in
arbitrary units. The errors given are statistical only.

A more detailed inspection is done for full spectra as presented in fig. 9. The
full spectra are plotted for various vertical locations. These four segments (1, 2, 3
and 4) are separated by 10 cm vertically for each of the detectors a, b, c, and d.
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Figure 9: Left panels: Neutron energy spectra for 1 cm change of the beam position
for detector a (filled symbols) and b (unfilled symbols). Right panels: the ratio of
spectra between detector a and b for a 1 cm change of the beam position. From
bottom to top each of the spectra correspond to segment 1, 2, 3, 4, i.e., following
the direction of the incident beam. See the text for details.
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The proton beam enters at the bottom of the target. In fig. 9 the spectra are
shown from bottom to top, i.e., the bottom segment detector 1 is plotted at the
bottom and the top segment detector 4 at the top. In fig. 9, only detector a and b
are plotted, since there are no changes of effect of spectra at detector c and d. In
segment detectors 1 and 2, there are clear differences in the spectra for detector
a and b. The effect is smaller but definitely present in segment detector 3, and
there is still some effect in segment detector 4 but even smaller. The statistics in
segment detector 4 is, however, very poor, because few neutrons penetrate through
the entire target.

7.1.2 Change of target density

Fig. 10 shows the effect of a lower density of the target. The simulation was
performed with central beam, and therefore only one detector is presented.

In fig. 10, spectra for each vertical segment are presented, from bottom to top,
like in fig. 9. Left and right panels show results for normal density and reduced
density by 10%, respectively. The statistical neutron emission is high at a few
MeV, which is expected, and this is clearly shown in fig. 10. The maximum flux
at peak is about 10−3 at the bottom, and about 10−4 at the top. It is expected
that the flux will be larger at the bottom. When plotted this way, it is difficult to
see the changes, and therefore plots of ratios are presented below.

In fig. 11, the spectra in fig. 10 integrated from 20 to 600 MeV are presented.
The resulting total fluxes show a notable change when the density is reduced. The
centroid of the production is moved upwards in the target, i.e., further into the
material as consequence of the lower stopping power of the incident proton beam.
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Figure 10: Left panels show spectra for normal density, and right panels show 10%
low density of the target. From bottom to top, each pair of spectra correspond to
segment 1, 2, 3, 4, i.e., following the direction of the incident beam.
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Figure 11: Integrated neutron flux of four segment detectors for normal density
(filled bars) and reduced density (unfilled bars). The errors given are statistical
only.

In fig 12, the neutron flux ratio of segment detectors 2/1, 3/1 and 4/1 are
presented, from bottom to top, respectively. The left panels show the ratio of
normal density (filled symbols) and low density (unfilled symbols). The differences
are larger the higher in the target that is inspected. A very small difference is
shown at the bottom, but is significant at the top. The right panels show the
ratio between ratios of segment detectors 2/1, 3/1 and 4/1, i.e., they display the
relative change in the ratio of two detectors due to the reduced density. The ratio
change of the lowest pair (2/1) is about 5%, and for the mid pair (3/1) and top
pair (4/1), it is about 1.2 and 1.5, respectively. This is reasonable because the
penetration through the target at normal density is small, but the penetration is
significantly increased when the density is lowered. This is the result of two effects
that work in the same direction. First, the neutron production is moved further
into the material, and there is less material available to attenuate the neutrons
produced.

A detector has been located on the top of the target to further study the
effects of changes of the target density. In fig. 13, the left panel shows the spectrum
change from normal density (filled symbols) to the lower density (unfilled symbols)
for the top detector. The right panel shows the ratio of these two spectra. The
ratio is about 1.25.
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Figure 12: Left panels show the ratio of spectra for all segments 2/1, 3/1 and
4/1 for normal (filled symbols) and lower density (unfilled symbols). Right panels
show the ratio of the ratio normal and lower density for all the segments. From
bottom to top each pair of the ratio of spectra correspond to segments ratio 2/1,
3/1, 4/1, i.e., following the direction of the incident beam.
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Figure 13: Left panel: Spectra for the top detector for lower density (unfilled
symbols) and normal density (filled symbols). Right panel: Ratio of the spectra
for lower density and normal density of target.

7.1.3 Neutron Backstreaming

Figure 14: Left panel: The spectra for neutron backstreaming for no change of
beam position (filled symbols) and a 1 cm change of the beam position (unfilled
symbols). Right panel: Ratio of spectra for a 1 cm change of the beam position.

There is no effect on the neutron spectra at the bottom detector for a change
of the beam position (see fig. 14). Such changes are not expected either. The
target is flat at the bottom and wider than the mean free path of the produced
neutrons, resulting in no significant changes of the neutron production due to a
small sideways movement of the incident proton beam.
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7.2 SAD simulations

Some of the simulations performed with the test model have been repeated for the
full SAD system.

7.2.1 Change of beam position

Figure 15: Neutron flux in the detectors a-d for central beam (filled bars) and
for incident beam moved 1 cm towards detector a (unfilled bars). The neutron
flux refers to integration of the 20 to 600 MeV energy range. The flux scale is in
arbitrary units. The errors presented are statistical only.

The raw spectra resemble the results in fig 9-10. The results are summarized
in fig. 15, which is same plot as fig. 8, but for the SAD system. There is, however,
one notable difference. The distance from the target centre to detector a and b
is larger than to detector c and d. This is evident in fig. 15, which shows that
the count rate is larger in detector c and d. If the beam position changes 1 cm
towards detector a this results in a large increase in count rate in detector a and
reduced count rate in detector b, while detector c and d are unchanged. The result
corroborates the findings with the test model.

7.2.2 Change of target density

In general the results display poorer statistics than for the test model. This is
hard to avoid since simulations of the SAD model requires much more cpu time
than the test model. The corresponding plots to fig. 10-11 for SAD have large
uncertainties and are therefore not presented. The integrated result of flux from
20 to 600 MeV changes by 22%, compared to about 30% for the test model. The
effect is smaller than for the test model, however maybe due to statistics.

23



Figure 16: Left panel: Spectra for the top detector for lower density (unfilled
symbols) and normal density (filled symbols). Right panel: Ratio of the spectra
for lower density and normal density of target.

7.2.3 Neutron backstreaming from the SAD system

Figure 17: The effect of spectra for neutron backstreaming for no change of beam
position (filled symbols) and a 3.6 cm change of the beam position (unfilled sym-
bols). Right panel: Ratio of these two spectra.

According to the test model results, there is a significant neutron flux out
through the accelerator beam pipe. Therefore, a detector has been located at
the bottom of the target to detect those neutrons that come out in the backward
direction. In the test model a change in the beam position does not change the
neutron flux. This is, however, not the case for the SAD system. For the SAD
model, a sideways translation of the beam by 3.6 cm towards detector a results in
a very large effect.

The only significant difference between the SAD system and the test model is
the existence of a beam pit in the former. Thus, the origin of the phenomenon
in fig. 17 might be attributed to this pit. This possibility has been investigated
in a simulation where the pit simply was removed in the input. The results are
presented in fig. 18, where it can be seen that the effect is gone.
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Figure 18: The effect of spectra without impact pit for change of beamposition
3.6 cm (unfilled symbols) and no change of beam position (filled symbols) and the
ratio of spectra without the impact pit.

Figure 19: Shape of target without and with impact pit.

The physics reason for the effect is illustrated in fig. 19. If there is a pit and
the beam moves sideways so that it barely misses the pit, the creation of neutrons
is not only moved sideways but also closer to the surface where the beam enters.
Thereby, the leakage in the backward direction can increase significantly. In the
present simulations, a wide pit (3.6 cm) has been used, and such a beam position
change is far larger than tolerable in any technical system. The principle, however,
works also for a narrower pit. In principle, it would be possible to make a very
narrow pit with a diameter close to the diameter of the beam. In that case, also
a very small beam deflection could possibly be detected

A sub-critical core, like SAD, acts as a ”nuclear amplifier”. The gain of the
amplifying core is given by the formula 1/(1- ks), where ks(<1 ) ksource is the
value of the core. Fig. 20 shows that the fission core amplifies the neutron flux
significantly up to a few MeV. At about 1 MeV, the amplification is about a factor
20. This makes sense given that SAD has a keff of 0.95. At energies higher
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than what is produced in fission, i.e., above 10 MeV, there is no amplification.
That is reasonable because in test model there is no fuel, and most of the fission
neutrons go through the detector and never come back, whereas in the SAD model,
with a target surrounded by a fuel core, the fission neutrons can be multiplied or
re-scattered by the core and come back to the detector again.

Figure 20: The neutron energy spectrum for the top detector for the SAD system
(unfilled symbols) and the test model (filled symbols).

8 Summary, discussion and outlook

In this report, investigations of fast neutron diagnostics for technical applications
in ADS are reported. The present works focuses on neutron measurements to
detect technical changes in the system. The fast neutrons are created in the
target only and therefore this project primarily concerns target properties. The
important properties that can change in the target are the beam position and target
density, the latter due to increased temperature of a (liquid) lead-bismuth target.
Therefore, the simulations have concentrated on changes in neutron emission due
to changes in beam position and target density.

Simulations have been performed for the SAD system, which is a research
project on ADS at low power. One reason for using SAD is that it is a real
project, underway to be installed, where possible results of the present work could
be installed. Also, an MC code had already been developed, and thereby only
minor changes of an existing code were needed for the present investigations. The
SAD MC does, however, require extensive CPU time, and therefore a two-step
procedure was used. First, a simplified test model was used to investigate a range
of possible phenomena, and for some of them, the results were corroborated by
full SAD simulations.
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First, the effect of a beam position change was investigated. A clear effect was
found in simulations where the beam was moved 1 cm sideways. The count rate
ratio of two detectors located on each side of the target was found to be 1.57±0.02.
This change is understood, and the magnitude fits a simple description based on
attenuation due to the total cross section.

A beam position change of 1 cm is far larger than what is realistic. We have
therefore computed the change due to a realistic move, 1 mm, which results in a
ratio change of about 7%. Such a change can most likely be detectable. About 5%
absolute uncertainty is achievable for a well-calibrated fission detector. However,
in our case only detection of relative changes are needed, and in that case 1-2%
changes are relatively easy to detect. Thus, this could provide a beam position
monitoring system.

With a lower target density of about 10% the ratio of count rate in a realistic
fission-based detector on top of the target changes by about 20%, which is easily
detectable. There are, however, practical problems with such a detection system.
First, reduced beam intensity produces the same effect, so for this method to be
useful, it has to be calibrated versus a beam intensity monitor. What is more
problematic is the positioning. It can be envisioned that such a detector will be
difficult to access and to replace.

Another approach is to put detectors in tubes along the periphery of the tar-
get. This could potentially provide a system more easy to access and maintain.
Investigations of the ratio of neutron flux in the top and bottom region of the
target show that detectable changes can be found. The neutron flux ratio between
detector 1 and 4 is 1.20 for normal target density, and 0.92 for a density reduced
by 10%. This change is not linear, but close to, which means that the count rate
ratio changes by about 2.3% for a 1% density change. Detection of a count rate
ratio change of 1-2% should be possible with fission-based detectors. Thus, density
changes of about 1% are feasible to detect with such methods.

There is a clear effect on the neutron backstreaming spectrum due to a sideways
move of the incident beam, if the target bottom has a certain shape (with impact
pit). The shape of the target (with impact pit) is possible in a test system, like
SAD, but not likely in a future realistic production facility. Thus, this effect is less
interesting to investigate further.

However, backstreaming is a prime candidate for neutron diagnostics for vali-
dation. The beam line provides a free neutron guide out from target, and makes
high-quality detection feasible.

The choice of techniques for investigations of fast neutrons close to the target
is to a large degree dictated by the environment, such as lack of space, very intense
neutron flux, and in general hostile conditions. The techniques to be used at low
energies are probably activation and fission ionization chamber. Such detectors
are permanently installed in conventional critical power reactors (BWR). In the
present application, fast neutrons are of main interest.
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Fission-based detection of fast neutrons requires an element with a neutron
energy threshold to be used. This poses some practical limitations. Thorium and
uranium are elements that can be readily obtained in sufficiently large quantities.
Both these have thresholds of about 1 MeV for neutron-induced fission of the lead-
ing isotopes. The next lighter elements that are available for realistic applications
are lead and bismuth, the heaviest stable elements, which have effective fission
thresholds of about 20-30 MeV. In between bismuth and thorium, all elements
have rather short halflives and are therefore difficult to handle and hard to ob-
tain in useful quantities. This limits the practical possibilities to detectors with
thresholds either in the 1 or 20 MeV range. For the former, the cross sections
are large, resulting in high efficiency, but the relatively low threshold makes them
sensitive also to a neutron flux range where the technical changes studied in the
present work do not induce very large effects. Thus, the sensitivity might not
be very high. On the other hand, for lead- or bismuth-based detection, the high
thresholds make the detectors very sensitive for these effects, but the fission cross
section is smaller, making the detector itself less efficient. Which solution to use
for optimal performance in a practical implementation requires further studies.

If surrounding the target with fission ionization chambers loaded with Pb/Bi
and/or 238U/232Th, a 3D-picture of the neutron production could be provided.
With such a system, the sideways and vertical movement of the incident beam
could be detected. Using both Pb/Bi and 238U/232Th-based systems would also
give a rough energy sensitivity. The detailed simulations of such a system and of
suitable detector design constitute possible future work.
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A Appendix

The MCNPX input file contains information about the problem geometry, the
source and the materials involved. An example of the input files that have been
used in the present study is shown below. The input file is divided into cards. The
Cell card and the Surface card define the geometry of the problem. The Data card
contains all other information that needs to be defined in an MCNPX problem like
the definition of the source and the materials. The general structure of the input
is as follows. The first entry of the Cell card defines the cell number, the second
the material, the third the density, the fourth the cell geometry and the fifth if
the cell is a void or not. In some cases input information can be omitted. See the
MCNPX manual [12] for details. The first entry of the Surface card defines the
surface number. The second defines the surface or body type and the third the
coordinates of the surface or body.
The entries present in the Data card are

mode type of particles that are to be simulated,
nps number of particles in the simulation,
sdef source definition,
pos position of the source,
rad radius of the source,
vec direction of the particles,
dir direction of flight(in case of a moving source),
erg energy of the source,
print request for a short output,
prdmp request for a print and dump cycle,
f : n n the tally and n defines the surface/cell that are to be tallied,
fs n n the tally segments (n defines the segments).

An example of an MCNPX input file for the test model
c —————————————————————-
c Cells
c —————————————————————-
10 10 -11.35 (-40 -30 20) imp:n=1
20 0 (-50 -30 10) ]10]31]32]33]34 imp:n=1
11 0 (-40 -20 10 11) imp:n=1
31 0 (-31 -30 20) imp:n=1
32 0 (-32 -30 20) imp:n=1
33 0 (-33 -30 20) imp:n=1
34 0 (-34 -30 20) imp:n=1
110 0 (-100 -50 -40 30) imp:n=1
120 0 (-100 -50 40 30) imp:n=1
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999 0 (-10:100:50) imp:n=0
c —————————————————————–

c —————————————————————–
c Surfaces
c ——————————————————————-
10 pz -10
20 pz 0
30 pz 50
100 pz 52
40 cz 9
50 cz 15 31 c/z 10 0 0.999
32 c/z -10 0 0.999
33 c/z 0 10 0.999
34 c/z 0 -10 0.999
101 pz 10
102 pz 20
103 pz 30
104 pz 40
201 px 0
202 py 0
c————————————————————————
c Material
c ————————————————————————
m10
82206 0.25
82207 0.22
82208 0.53
c ————————————————————————
c Data
c ————————————————————————–
F4:n 110
F14:n 11
F11:n 100
c
F1:n 40
FS1 -101 -102 -103 -104 T
c
F24:n 31
FS24 -101 -102 -103 -104 T
SD24 30.79 30.79 30.79 30.79 30.79 153.95
c
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F34:n 32
FS34 -101 -102 -103 -104 T
SD34 30.79 30.79 30.79 30.79 30.79 153.95
.
.
.
.
c
F44:n 33
FS44 -101 -102 -103 -104 T
SD44 30.79 30.79 30.79 30.79 30.79 153.95
c
F54:n 34
FS54 -101 -102 -103 -104 T
SD54 30.79 30.79 30.79 30.79 30.79 153.95
.
.
.
nps 10000
sdef sur=10 pos=0 0 -10 erg=660 par=9 vec=0 0 1 dir=1 rad=1.5
phys:n 670 j 150
phys:h 670 j 150
mode n h
print -128
prdmp j 1000 j 3 j
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