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Abstract

This thesis concerns the development of fast neutron instrumentation for
beam diagnostic. Two kind of detectors have been developed. The first is
a diamond detector for fast neutron measurements at the ChipIr beamline
of the ISIS spallation neutron source (Didcot, UK). ISIS is a 50Hz-pulsed
source in which neutrons are produced by 800 MeV protons interacting on a
heavy metal target. The second is a Gas Electron Multiplier (GEM) detector
developed for measurements of the neutron emission map in the deuterium
beam prototype facility for the ITER fusion reactor under construction at
the RFX site (Padova).
Measurements of the so-called Single Event Effects (SEE) are the main
application of the ChipIr beamline. SEEs are a potential threat to the robustness of integrated circuits featuring dimensions of tens of nanometers.
SEEs occur when a highly energetic particle causes a disruption of the correct
operation of an electronic component by striking its sensitive regions. Recent
studies have shown that the neutron component above 1 MeV of the cosmic
ray radiation is the primary contribution to SEEs for heights < 10 km. In
order to evaluate the sensitivity of electronic devices to SEEs, fault-tolerant
design techniques must be employed, and extensive analyses are needed to
qualify their robustness. Experiments with atmospheric neutrons can be carried out but, due to the low intensity, they require very long periods of data
acquisition. Neutron sources represent an opportunity due to the availability
vii

of high intensity fluxes which allow for accelerated irradiation experiments.
Recent experiments performed at ISIS on the VESUVIO beamline demonstrated the suitability of ISIS for this kind of application. The new ChipIr
beamline will provide an atmospheric-like neutron spectrum with a multiplication factor around 108 . A crucial task for ChipIr design is the development
of a neutron beam monitor for measurements of the neutron fluence in the
MeV energy range. The detector developed in this thesis as a beam monitor
for ChipIr is a Single-crystal Diamond Detector (SDD). Neutron detection
using diamonds is based on the collection of the electrons/holes pairs produced by the energy deposited in the crystal following neutron reactions with
carbon. First tests were performed in 2009 using a prototype SDD. The device features a p-type/intrinsic/metal Schottky barrier structure where the
active (intrinsic) detection layer is obtained by chemical-vapour deposition.
Both Time of Flight (ToF) only and biparametric (ToF and pulse height)
measurements were successfully performed. Measurements were also performed using a Fission Diamond Detector (FDD). A FDD is a device based
on a single crystal diamond coupled to a natural uranium converter foil.
The biparametric data collection allowed us to distinguish events from 235 U,
238
U and from carbon break-up reactions inside the diamond. Limitations
to quantitative analysis due to the initial choice of detector thickness and
instrumental settings were highlighted by the tests.
In a new set of experiments performed in July 2010, April 2011 and October 2011 a new fast neutron detector was tested. The measurements showed
three characteristics regions in the biparametric spectra:
• background events of low pulse heights induced by gamma-rays;
• low pulse height events in the neutron ToF region corresponding to En
in the range 2.4-5.7 MeV which are ascribed to elastic scattering on
12
C;
• large pulse height events in the ToF region corresponding to En >6
MeV which are ascribed to 12 C(n, α)9 Be and 12 C(n,n’)3α reactions.
Neutron energy information was found to be contained both in the pulse
viii

height and in the ToF data, which suggests that SDDs are good candidate
detectors for spectroscopy in fast neutron irradiation experiments. The use
of diamond detectors as beam monitors requires further characterization of
their response to monoenergetic neutrons.
The second detector developed in this thesis is a nGEM detector able to
map the neutron intensity produced in the SPIDER/MITICA beams at the
Consorzio RFX in Padova.
The ITER neutral beam test facility under construction in Padova will host
two experimental devices: SPIDER, a 100 keV negative hydrogen/deuterium
beam, and MITICA, a full scale, 1 MeV deuterium beam. A number of diagnostics will be deployed in the two facilities to qualify the beams. The aim
of this thesis was to design a neutron diagnostic for SPIDER, as a first step
towards the application of this diagnostic technique to MITICA.
The proposed detection system is called CNESM which stands for Closecontact Neutron Emission Surface Mapping. CNESM is placed right behind
the beam dump, as close as possible to the neutron emitting surface. It shall
provide the map of the neutron emission on the surface of the beam dump.
The latter is a rectangular panel made of water cooled pipes used to stop the
incoming beam. The CNESM diagnostic system uses nGEM as neutron detectors. These are Gas Electron Multiplier detectors equipped with a cathode
that also serves as neutron-proton converter. The diagnostic was designed
on the basis of simulations of the different steps, from the deuteron beam
interaction with the beam dump to the neutron detection in the nGEM. The
deuteron deposition inside the dump was simulated with the TRIM code in
order to provide the deposition profile. Neutron emission occurs via fusion
reactions between the deuterium beam and the deuterons implanted in the
beam dump surface. Neutron scattering in the beam dump was simulated
using the MCNPX code.
The nGEM cathode is at about 30 mm from the beam dump front surface.
It is composed of two layers (polyethylene + aluminum) each ≈50 µm thick.
The aluminum layer stops all protons that are emitted from the polyethylene
at an angle higher than 40o relative to the normal to the cathode surface.
ix

This means that most of the detected neutrons at a point of the nGEM surface are emitted from the corresponding 40×22 mm2 beamlet footprint on
the dump front surface. The nGEM readout pads (area 20×22 mm2 ) will
record a useful count rate of ≈5 kHz providing a time resolution of better
than 1 s. Each nGEM detector maps the neutron emission from a group of
5×16 beamlets: as many as 16 nGEM detectors would be needed to cover
the entire beam dump.
The effect of the directional detector response due to the Al foil is to decrease the FWHM value to about 30 mm. This level of spatial resolution is
adequate for unfolding the neutron source intensity from the 2D event map
in the nGEM detector. The first nGEM detector prototype was tested at the
FNG neutron source in Frascati, where the directional response of the nGEM
cathode to neutrons was verified. The successful design of the CNESM neutron diagnostic for SPIDER provides the basis for its application to MITICA
(×100 larger neutron fluxes expected), where it will be particularly useful to
resolve the horizontal beam intensity profile.
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Chapter

1

Introduction
This thesis concerns the development of fast neutron instrumentation for
beam diagnostic. Two kind of detectors have been developed. The first is
a diamond detector for fast neutron measurements at the ChipIr beamline
of the ISIS spallation neutron source (Didcot, UK). ISIS is a 50Hz-pulsed
source in which neutrons are produced by 800 MeV protons interacting on a
heavy metal target. The second is a Gas Electron Multiplier (GEM) detector developed for measurements of the neutron emission map in the PRIMA
deuterium beam prototype facilities for the ITER fusion reactor under construction at the RFX site (Padova). The ChipIr and PRIMA projects, their
motivations and objectives, and their neutron measurement requirements are
presented in this chapter.

1.1 Neutron irradiation experiments
1.1.1 Single Event Effects
Electronic devices are exposed to various types of radiation, such as energetic α particles, protons, neutrons and muons. The radiation may produce
effects in electronics with consequences from temporary loss of data (soft errors) to catastrophic failure (hard errors). These effects in microelectronics
are called Single Event Effects (SEEs)([1][2][3]). As the name implies a sin1
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gle event effect is due to a single radiation event. The most common type
of radiation-induced error is the soft error. The error is soft when the device (e.g. a memory) is not permanently damaged, and will store new data
correctly. Soft errors include many types of different failure modes. In the
commercial microelectronics devices for ground application the most common soft error is the Single Event Upset (SEU). SEUs are errors in which an
individual memory component is directly corrupted by radiation. It consists
of a flip in the logic state of a single bit.

Type of radiation-induced SEEs
The terrestrial environment is dominated by two different mechanisms (alpha
particles and cosmic rays) that generate (directly or as secondary reaction
products) energetic ions responsible for inducing soft errors. The magnitude of the disturbance an ion causes depends on the Linear Energy Transfer
· 1 where dE/dx is
(LET) of that ion. The LET is defined as LET = dE
dx ρ
the energy loss in the material and ρ its density. The value of the LET,
usually expressed in MeV · cm2 /mg units depends on the charge/mass of the
ion passing in matter, its energy and on the material. Typically, more massive and energetic particles in denser materials have the highest LET. The
reverse-biased junction is the most charge-sensitive part of a circuit. When
the ionization track traverses or comes close to the depletion region, carriers are rapidly collected by the electric field creating a large current/voltage
transient at that node. However, the collected charge is only a part of the
problem: the device sensitivity to this excess charge needs to be taken into
account. This sensitivity depends primarily on the node capacitance, operating voltage, and the strength of feedback transistors [4]. The rate at which
soft errors occur is called the Soft Error Rate (SER). The unit of measure
commonly used with SER and other hard reliability mechanisms is the Failure In Time (FIT). One FIT is equivalent to one failure in 109 device hours.
Soft errors have become a huge concern in advanced computer chips because,
if uncorrected, they produce a failure rate which is higher than all the other
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reliability mechanisms combined. As an example, taken from [5] a typical
failure rate for a hard reliability mechanism (such as gate oxide breakdown)
is about 1/50 FIT; the aggregate failure rate is typically in the 50/200 FIT
range. Without mitigation, the SER can easily exceed 50 000 FIT/chip.
Soft errors due to α particles and neutrons are a growing concern for integrated circuits as the technology scaling tends to decrease the cell dimension
and the operating voltage [4]. α particles were shown to be the dominant
cause of soft errors in DRAM devices [6]. The most common sources of α
particles are from the naturally occurring 238 U, 235 U, and 232 Th. These impurities emit α particles at specific discrete energies over a range from 4 to 9
MeV. When an α particle travels through a material, it loses its kinetic energy. In silicon, the range for a 10-MeV α particle is <100 µm. There are two
fundamental approaches to reducing the SER from α particles in integrated
circuits: purification of all production materials and methods that reduce the
probability that α particles emitted from impurities will reach the sensitive
devices. If the manufacture of the electronic is purified, the contribution to
SEEs due to α particles can be reduced substantially. The SER is, under
these conditions, dominated by cosmic background radiation.
The cosmic radiation has a galactic origin. When it interacts with the Earth
atmosphere a secondary cascade of particles is produced. At the sea level
particle the flux is composed mainly of neutrons, protons, muons and pions,
see Figure 1.1. Because of their intense flux and high LET, neutrons represent the most important part of cosmic radiation producing single event
upsets. The cosmic differential neutron flux is shown in Figure 1.2 [7]: above
1 MeV at the sea level the neutron flux is ≈20 n/cm2 /h.

Neutron-induced SEEs
Neutrons, being uncharged, do not directly generate ionization in silicon, but
they interact elastically and inelastically with the nuclei in the chip material
producing charge particles. At high energies (in the MeV region), inelastic

4
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Figure 1.1: Comparison between the neutron, proton, muon and pion flux at sea
level. The neutron flux is the most intense.

Figure 1.2: Neutron flux above 1 MeV in different neutron facilities compared
with the atmospheric one [7].
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collisions are more effective and may lead to a series of direct reactions, called
intranuclear cascades, which are characterized by the ejection of individual
nucleons and heavy ions that more likely induce SEE into the device (Figure
1.3). The most important reactions due to high energy neutrons are reported

Figure 1.3: High energy neutron interaction in an electronic chip. An ionizing
charge particle is produced by elastic or inelastic reaction on silicon atoms. The
collected charge by the transistor may produce a soft error.

in Table 1.1.
Reaction product
25
Mg + α
28
Al + p
27
Al + D
24
Mg + n+ α
27
Al + n + p
26
Mg + 3 He
21
Ne +2 α

Energy Threshold [MeV]
2.75
4.00
9.70
10.34
12.00
12.58
12.99

Table 1.1: Reaction products and thresholds for the n +

28 Si

reaction.

How can we investigate SEEs?
Unlike α particles, the cosmic neutron flux at the chip cannot be reduced significantly e.g. by shielding, keep-out zones, or high purity materials. Cosmic

6
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ray SER must therefore be dealt with by reducing the device sensitivity, either by design or process modifications. Fault-tolerant design techniques are
employed, and extensive analyses are needed in order to qualify the robustness of the devices and systems. Experiments with atmospheric neutrons at
different altitudes can be carried out, but due to low intensity, they require
very long periods of data acquisition. Therefore, neutron sources represent
an opportunity due to the availability of high intensity fluxes, which allow
for accelerated irradiation experiments. Dedicated facilities are available all
around the world, such as LANSCE [8] and TRIUMF [9], in order to investigate the SEEs incidence on chips. In Figure 1.2 the atmospheric neutron flux
is compared to neutron facilities spectrum. LANSCE is a multidisciplinary
facility for science and technology. At the Los Alamos Meson Physics laboratory a 800 MeV high-power linear accelerator is used to accelerate both
protons and negative hydrogen ions with pulsed beam. A neutron spectrum
which is rather similar to that of neutrons produced in the atmosphere by
cosmic rays, but with a neutron flux 108 times higher than the natural one
at sea level.
Irradiation tests of semiconductor devices are also performed at the Neutron Irradiation Facility (NIF) of TRIUMF, Vancouver, Canada. NIF is
mainly dedicated to testing avionics and ground-based electronic systems.
The neutrons are produced by an intense proton beam from a 500 MeV cyclotron, striking an aluminum beam stop immersed in a cooling water tank.
NIF has an energy spectrum well matched to the atmospheric one, although
somewhat softer than the one at LANSCE. A dedicated beam line for chip
irradiation experiments at the ISIS spallation neutron source, named ChipIr,
is under construction, [10]. The present ISIS neutron spectrum above 1 MeV
is reported in Figure 1.2 [7].

1.1.2 The ISIS neutron source
As said before, ISIS [11] is a pulsed neutron source sited at the Rutherford Appleton Laboratory (RAL), Didcot (UK) (Figure 1.4), and has been
used so far for condensed matter studies. Neutrons are produced by proton-

1.1. NEUTRON IRRADIATION EXPERIMENTS

7

Figure 1.4: Photo of the ISIS spallation neutron source area, Didcot, UK.

induced spallation on a Tungsten-Tantalum target. Protons are produced in
two bunches, 70 ns wide and 322 ns apart (Figure 1.5), and are accelerated
through a Linac and a synchrotron up to 800 MeV, with a frequency of 50
Hz. Neutrons are produced in two target stations: TS-1 (40 Hz) is the older
one and it is equipped with 26 beam lines, TS-2 (10 Hz) was built in 2009
and is the target at which ChipIr beam line will be installed. A schematic
view of the ISIS-TS1 is reported in Figure 1.6.
After neutrons are produced in the target, they are moderated and they are
focused into the various beam lines. The nature of the moderators is different from one beamline to another so that they provide a neutron spectrum
specific for each beamline. For example, the VESUVIO beamline moderator
is made with a 2 cm thick, 300 K liquid water layer, thus providing a neutron
spectrum which is sub-moderated. The VESUVIO beam line is commonly
employed for condensed matter studies, exploiting neutrons in the epithermal
region (above 1 eV). The VESUVIO neutron spectrum is shown in Figure
1.7. The spectrum above 1 MeV features a 1/Eα characteristic, with α equal
to about 0.9 [12]. The VESUVIO spectrum integrated above 10 MeV yields
7.86 · 104 n · cm−2 s−1 according to MCNP simulations. Recent experiments
performed at the VESUVIO beam line demonstrated the suitability of ISIS
for SEEs experiments and motivated the construction of a dedicated beam-

8
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Figure 1.5: The proton bunch profile, the bunch are 60 ns wide and 322 ns apart.
Neutron will be produced with the same temporal structure.

Figure 1.6: Schematic view of the ISIS facility, including the synchrotron, the
extractor and the beam lines.
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Figure 1.7: VESUVIO neutron spectrum simulated with MCNPX [7].

line: ChipIr.

1.1.3 ChipIr beam
The ChipIr construction was finally approved for construction in 2010 [13].
A CAD model of the beam line is reported in Figure 1.8 [10]. The target
is placed in the left part of the figure, under the biological shielding shown
as a white cylinder. Neutrons are collimated in the target using a beryllium reflector, and then they are lead to the beam line. The blockhouse
(experimental hall) is shown in green. Behind the blockhouse is the beam
stop (in purple). The neutron spectrum of ChipIr will be different from the
common ISIS neutron spectra, shown in Figure 1.2 and 1.7. It will be optimized in order to match the shape of the atmospheric neutron spectrum
in the MeV region. In particular, a thermal neutron filter will be used to
remove this component from the beam. ChipIr will have a special composite
moderator that sits within a channel cut out of the current beryllium reflector. The spectrum will be optimized using special filters in order to better
reproduce the atmospheric neutron field. ChipIr will provide a flux above
1 MeV equal to 1.49 · 107 n · cm−2 · s−1 . That means 150 times more intense
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Figure 1.8: CAD model of the CHIPIR beam line [10].

then the present ISIS-TS1 flux and 25 times more than the neutron flux at
LANSCE. The user community has proposed two modes of operation: a collimated neutron beam within a containment blockhouse (this is a standard
approach adopted by other facilities), and a beam line that additionally provides a large, reasonably isotropic flood of neutrons by the use of additional
movable secondary scatterers. The last option will be unique to ChipIr and
allow very large systems to be tested.
An important task for ChipIr design is the development of a neutron beam
monitor for flux measurements in the MeV energy range. The detector developed in this thesis as a beam monitor for ChipIr is a Single-crystal Diamond
Detector (SDD) in which neutron detection occurs by measuring the charge
particles produced by neutron interactions with carbon. Chapters 2 and 3
and Papers I - IV present the detector development and the main results of
detector tests performed at ISIS.

1.2 Fast neutron monitor for deuterium beams
The International Thermonuclear Experimental Reactor (ITER)[14] is a large
international project aimed at demonstrating the production of energy from
the controlled thermonuclear fusion of deuterium and tritium for a period of
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about 30 minutes. The ITER plasma will be heated with a mix of heating
systems for a total of 50-70 MW injected into the plasma. About one half
of this power will be supplied using Neutral Beam Injectors (NBI) injecting
1 MeV neutral deuterons in the plasma. The underlying technology is still
under development. An experimental facility for the NBI prototype tests is
under construction at the Consorzio RFX in Padova.

1.2.1 The Padova Research on ITER Megavolt Accelerator (PRIMA): SPIDER and MITICA
PRIMA identifies all the R&D activities that will be realized and hosted at
the Consorzio RFX [15]. The facility will host two experimental devices:
MITICA, the full injector prototype, and SPIDER, a 100 kV negative D/H
RF source. MITICA (Megavolt ITER Injector & Concept Advancement)
will be developed in order to be able to emit a beam of neutral particles of
deuterium accelerated up to 1 MeV, with a total beam current of 40 A. The
beam will be able to transfer a power of 16 MW to the plasma for one hour.
SPIDER (Source for Production of Ion of Deuterium Extracted from RF
plasma) is an experiment whose goal is to develop the know how on negative
ion sources and optimize in terms of production and uniformity the negative
ion production. SPIDER will be equipped with a source for negative ions
that, once optimized, will be duplicated for MITICA.

1.2.2 A first step for the Injector: SPIDER
In Figure 1.9 a CAD model of the SPIDER experiment is shown. The vacuum
vessel is composed of four segments, of which two are cylindrical and are of
4 meters diameter, plus two closing caps. The total length of the vacuum
vessel is about 5.5 m. In the image the vessel, the source and the stopping
system are shown. Deuterium is provided by a plasma produced by means of
8 inductive radiofrequencies generators (1MHz) in a chamber covered with
a surface having 1280 holes (the purple panel). The dimension of the holes
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will be of about 12 mm, with a pitch distance of 20 mm and 22 mm in the
horizontal and vertical directions, respectively. Ions are extracted through
the holes and then accelerated up to an energy of 100 keV. In SPIDER
two stopping systems will be hosted (shown through the V-panels). The
first one, closer to the source, is a diagnostic system able to operate for
short periods (up to 10 s), realized in graphite fibers (black panels). The
second system (yellow) is copper made, it is water-cooled and its main aim
is to neutralize the beam and absorb the thermal load calculated in 7 MW
per hour at the maximum performance conditions. This system is called
beam dump and a CAD model shown in Figure 1.10 illustrates its main
components. It is made of two sets of hypervapotrons stacked vertically
(Figure 1.10(a)) supported with a mechanical frame (Figure 1.10(b)). A
cross section of the hypervapotrons is shown in Figure 1.11, where quotes
are in mm. The hypervapotron is made up of a CuCrZn-alloy (with an
elemental composition of about 99% Cu) (brown layers) in which cooling
water circulates (light blue). The beam dump is placed at a distance of 2.28
to 2.72 meters from the accelerator exit, and the deuterium beam impinges
onto it with an incident angle of 30o (Figure 1.12).

Figure 1.9: SPIDER experimental area: the source and the stopping system are
shown. The main stopping system, called beam dump, is shown in yellow.
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(b)

Figure 1.10: CAD model of the SPIDER beam dump: hypervapotrons are arranged in two panels as shown in (a). Each panel is supported on the back by a
steel frame with columns (b).

As said before, the deuterium beam is extracted through a grid with 1280
holes. In particular, the holes are arranged in 16 groups, and each group

Figure 1.11: Cross section of a hypervapotron in the SPIDER beam dump, quotes
are in mm.
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Figure 1.12: The SPIDER beam dump area: the beam impinges on the beam
dump surface with an incident angle of 30o .

has 80 holes in a matrix arrangement of 5 × 16. The SPIDER beam is
thus made of 1280 beamlets impinging on the beam dump surface. The
beamlet footprint on the beam dump surface is an ellipse 40 × 22 mm2 in
the horizontal and vertical direction respectively. The power of each beamlet
is maximum at its center and decays from the center according to a Gaussian
distribution. The power density (in MW/m2 ) contour plot is shown in Figure
1.13. The beamlet centres start at coordinate (0,0) and are spaced by 40 mm
and 22 mm in the horizontal and vertical directions, respectively. The power
density profile is maximum at the beamlet centres and minimum halfway
between them.
In the beam dump a large amount of neutrons will be produced via fusion
reaction between the incoming deuterium beam and the deuterium adsorbed
in the beam dump (D(d,n)3 He reaction). Neutron emissivity and transport
in the beam dump will be described in detail in chapter 4: emissivity and
transport have been evaluated on the basis of simulations of the different
steps, from the implanted deuterium profile density to the neutron scattering
in the beam dump materials. The deuteron deposition inside the dump
was simulated with the TRansport of Ions in Matter (TRIM)[16] code in
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Figure 1.13: Contour plot of the power density profile of a 5X16 beamlet matrix
hitting the beam dump. The power density levels are in MW/m2 .

order to provide the deposition profile. Neutron emissivity as a function
of the penetration depth was calculated analytically using the DD reaction
cross section. Neutrons are produced up to a penetration depth equal to
≈ 1µm, and to reach the detector have to cross a thickness of about 17
mm. Scattering effects in the beam dump cannot be ignored, and they were
simulated using the Monte Carlo N-Particle eXtended (MCNPX) code [17].
Neutron measurements on SPIDER were studied in order to provide a beam
assessment concept that could satisfy the following requirements:
• it should serve a well defined purpose as a diagnostic of SPIDER and
provide information with a clear impact on the optimization of the
SPIDER beam quality;
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• it should be practical in terms of engineering integration in the device;
• it should be affordable, possibly by allowing a modular design where
additional resources could be attracted and used as they become available to complete/enhance the detection system during the lifetime of
the SPIDER and MITICA experiments;
• the new diagnostic concept should be carried over to MITICA.
The detection system is called CNESM (Close-contact Neutron Emission Surface Mapping) and it will be placed right behind the beam dump, as close as
possible to the neutron emission surface, as indicated in Figure 1.12. Figure
1.14 represents the top view of the beam dump area with the beam dump
(brown), the incoming beam (yellow) and the detector box (green box). In

Figure 1.14: Top view of the SPIDER beam dump area: the detector boxes are
shown in green.

chapter 5 a description of the CNESM diagnostic system is provided. The
CNESM diagnostic system is mainly based on a neutron GEM (nGEM) detector able to provide the map of neutron emission from the beam dump with
a spatial resolution approaching the size of an individual beamlet footprint.
This is obtained by ensuring that most of the detected neutrons at a point of
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the nGEM surface are emitted from the corresponding 40×22 mm2 beamlet
footprint on the dump front surface. The nGEM detector can provide very
useful information of the beam intensity map which is the goal of CNESM
on SPIDER and a first step towards the installation of CNESM on MITICA
where it will provide unique information on the horizontal beam profile.

Chapter

2

Diamond detector prototypes test
Diamond is widely used in many applications due to their unique properties.
Due to the high refraction index (2.42 compared to 1.5 for glass), diamond
is used as gems. It is one of the hardest materials in nature and thus found
many application in industry (e.g. drilling). A more recent application is its
use as radiation detector material due to its radiation hardness, allowing for
long life operation in harsh environments, and high band gap, allowing for
good energy resolution at room temperature.

2.1 Diamond detectors
Diamond is an insulating material with a very large band gap, 5.5 eV. It
can be operated as the other semiconductors of the IV group, such as Si and
Ge, by applying electrical contacts to opposite faces of the crystal. Diamond
detectors can be used in extreme conditions where other detectors cannot:
they can be operated at high temperatures (250-300 o C) and in environment
where the radiation level is very high (for example the CMS experiment at
LHC [18]). Due to their high band gap, they are characterized by low Johnson noise and by very low dark current. A charge particle or a photon with
energy above the band gap, crossing the diamond, produces electron/hole
pairs (Ee-h =13 eV) which are separated by the electric field between the electrodes and then collected. Diamond detectors are characterized by a fast
19
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response time of several nanoseconds (comparable to Si and Ge). Measurements reported in [19] show a good energy resolution: 0.4% at the 5.5 MeV
alpha peak of 241 Am. In Table 2.1 the most important diamond characteristics are reported.

Atomic Number Z
Density [g/cm3 ]
Band Gap [eV]
Electron Mobility [cm2 /V · s]
Hole Mobility [cm2 /V · s]
Breakdown field [MV/cm]

Si
14
2.33
1.1
1350
480
0.3

Ge
32
5.33
0.6
3900
1900
0.1

CVD-Diamond
6
5.47
5.5
1800
1200
10

Table 2.1: Diamond characteristics compared to those of Si and Ge [20].
By microwave Chemical Vapour Deposition (CVD) diamonds can be produced with an active thickness ranging from few microns up to 500 µm
[21][22][23].

2.1.1 Neutron detection using diamonds
Neutron detection using diamonds is based on the collection of the electrons/holes pairs produced by charged particles generated by neutron reactions with carbon. The most important reactions producing charge particles
are:
• the elastic channel, in which a neutron hits a carbon atom. The carbon
4A
2
atom recoils with an energy equal to ERmax = (1+A)
2 (cos θ)En , where θ
is the recoiling angle and A=12.
• the 12 C(n, α)9 Be reaction, in which a neutron breaks the carbon nucleus into an alpha particle and a 9 Be atom. The energy threshold of
this reaction is 6.17 MeV, the Q-value being negative and equal to -5.7
MeV.
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• the 12 C(n,n’)3α reaction, in which the carbon nuclei break up into
three alpha particles. The energy threshold of this reaction is 7.9 MeV,
the Q-value is -7.3 MeV.
The cross sections of these reactions are reported in Figure 2.1 [24]. The

Figure 2.1: Cross sections of the most important neutron induced reactions with
carbon [24].

elastic cross section is the most important in the neutron energy range 1-6
MeV, where the reaction 12 C(n, α)9 Be (n-alpha reaction) and 12 C(n,n’)3α (n3alpha reaction) cannot take place. These channels are the most efficient
in the neutron energy range above 10 MeV because the energy released in
diamond is greater respect to the energy released by carbon elastic recoil.
The n-alpha and the n-3alpha reactions cross sections are well known only
up to 20 MeV [24].

2.1.2 Diamond detectors developed: SDD and FDD
Diamond detector prototypes tested in 2009 and 2010 were produced at the
University of Roma Tor Vergata by the CVD technique (see Figure 2.2)
[21][22][23]. The detector is realized using a High Pressure High Temperature (HPHT) single crystal diamond as substrate. Two CVD-diamond layers

22
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Figure 2.2: Scheme of the configuration of a diamond detector realized at the
University of Roma Tor Vergata. From bottom to top: High Pressure High Temperature substrate, B-doped CVD diamond, intrinsic CVD diamond, Al contact.

are deposited onto the HPHT diamond: the first one is a Boron-doped layer
(15 µm), the second is the intrinsic diamond layer with a thickness up to
150 µm. The last layer is the Al contact used to polarize the detector. The
active detector area is few mm2 .
In figure 2.3 a photo of the device is reported. The first prototypes are based

Figure 2.3: Photo of diamond detector produced at the University of Roma Tor
Vergata.

on a SDD in which the intrinsic layer are: 70 µm for the first detector (SDD70), 150 µm for the second one (SDD-150), and 24 µm (SDD-24) for the last
one.
These detectors were tested by placing them directly in the neutron beam.
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Diamonds SDD-70 and SDD-150 have been coupled to an electronic chain
able to measure the neutron Time of Flight only; diamond SDD-24 was coupled to an electronic chain providing biparametrical information (Time of
Flight and Energy). In the next section an introduction on the performed
measurements will be provided; the results obtained with SDD-70 and SDD150 are reported in detail in papers I and II. In the third section of this
chapter the description of biparametrical measurements performed using the
SDD-24 will be given.
Another detector was developed using a single crystal diamond detector facing a uranium foil. The uranium foil was a sheet of 2 mm2 × 25 µm of
natural uranium placed inside the detector top, shown in Figure 2.3. Natural uranium is made of 99.3 % of 298 U and 0.7 % of 295 U. The presence of
the uranium foil allows for the detection both of neutrons interacting with
carbon nuclei and of fission fragments originated by neutron interaction in
uranium. In the third section of this chapter a detailed description of such a
detector, called Fission Diamond Detector (FDD), is provided. In paper III
the most important results obtained with the FDD are summarized.

2.1.3 Time of Flight technique
ISIS is a pulsed source. In pulsed facilities the Time of Flight (ToF) technique
is a powerful method to determine the neutron energy. Once the flight path
(the distance between the neutron source and the detector) is fixed there is
a unique connection between neutron energy and the neutron travel time.
This can be written as:
En [eV] =



72.2985 · L0 [m]
tT oF [ µs]

2

(2.1)

where L0 is the neutron flight path and tToF its Time of Flight. tToF in a
pulsed neutron source can be easily calculated because the neutron generation
time, T0, is well-known. At ISIS the T0 is determined by a digital NIM
signal which represents the time in which the protons are extracted from the
synchrotron and reach the target. tToF is calculated by making the difference
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between the T0 and neutron arrival time (Tstop ).
Unfortunately the electronic chain of the T0 is very slow. This means that
the T0 signal arrives at the SDD electronic chain with a 5 µs delay respect to
fast neutrons. This delay is not a problem for measurements in the thermal
and epithermal neutron energy range where flight times are typically 1 ms.
However for fast (MeV) neutrons this delay is problematic because the Tstop
signal occurs before the T0 (Tstart ). Suitable solutions were adopted in this
thesis in order to correlate the neutron signal to the relative delayed T0.

2.2 Time of flight measurements with a SDD
The very first results using a SDD are reported in paper I: the experiment was
performed at the VESUVIO beamline using SDD-70. These results showed
the capability of diamond detectors to measure fast neutrons from a pulsed
neutron source. The detector was placed directly into the neutron beam,
and the time of flight was measured using a fast digital scope and a fast
preamplifier. The same electronic chain was used in measurements, described
in this section, performed on the ROTAX beamline in December 2009 with
the SDD-150 detector.

2.2.1 The experimental set-up
ROTAX is a test beamline whose moderator is a 95 K methane moderator,
the flight path is about 14 meters and the neutron flux is about 106 n/cm2 · s.
A photo of the ROTAX experimental hall is shown in Figure 2.4. The experiment was performed using a SDD coupled to an electronic chain able to
preserve the fast response of the diamond detector. A Vbias = 100 V was
applied to SDD-150. The signal from the detector was amplified using a fast
preamplifier with an integration time of few ns. The used preamplifier was
a DBA III inverting preamplifier with a total gain of 38 dB. More details
on such preamplifier can be found in [25]. The signal from the preamplifier
was detected using a digital scope (2.3GHz bandwidth and 50GHz sampling
rate). A typical signal from the DBA III preamplifier, acquired during the
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Figure 2.4: Photo of the experimental set-up (neutrons are coming from the right).

detector calibration with α particles from a 241 Am source, is shown in Figure
2.5. The signal pulse width (FWHM) is ≈ 2.5 ns. More relevant is the pulse
rise time, which is about 1 ns; the signal decay time is about 10 ns with an
amplitude of about 320 mV.
The Time of Flight was calculated by the digital scope by making the dif-

Figure 2.5: Signal pulse recorded by the SDD irradiated with α particles from
a 241 Am source. The SDD was connected to a DBA III preamplifier and a fast
digital scope.

ference between the diamond signal and the T0. Triggering was performed
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both on the diamond signal and the T0, the acquisition window was 5.5 µs
wide in order to allow for the calculation of the difference between the T0
and the diamond signal triggers. The tToF spectrum was calculated directly
by the scope, allowing a direct comparison between the acquired data.

(a)

(b)

Figure 2.6: Experimental set-up before (a) and after (b) the moderator in the
SDD test at the ROTAX beam line.

(a)

(b)

Figure 2.7: Experimental set-up after the moderator in the SDD test at the
ROTAX beam line.
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Two measurements were performed: the first one (Figure 2.6) by placing
the SDD into the ROTAX neutron beam and measuring the tToF at a distance
of 15.5 meters from the moderator; the second one (Figure 2.7) by placing
the SDD behind a polyethylene-water extra moderator installed in the beam
line, the flight path in this case being 16.5 meters. The extra-moderator was
made of a polyethylene slab with a total thickness of 6 cm, and a box with 12
cm of water. The thickness was chosen to significantly attenuate the neutron
spectrum below 10 MeV. In both measurements a threshold of 3 MeV was
set, and the tToF spectrum was acquired for 10 hours in the first configuration
and for 20 hours in the second one. The integrated proton current during
the measurements was 1761 µAh and 3598 µAh, respectively.
The main result of the measurement is that the tToF spectrum, Figure 2.8,

Figure 2.8: Time of flight spectrum obtained before the moderator.

presents a double hump shape, due to the ISIS proton beam time structure,
shown in figure 1.5. The two bunches are separated by 322 ns but the bunch
width is no longer 70 ns, but about 200 ns, due to the fact that neutrons
with different energies have different flight times. The two bunches are well
separated, which is due to the detector threshold used (see chapter 3) making
the detector practically insensitive to neutrons with En < 6 MeV (i.e. tToF
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values above ≈ 450 ns). The total number of recorded events is 2690 which
corresponds to a count rate of about 0.077 c/s.
From the tToF measurement performed behind the moderator the double
bunch structure is still visible and the spectrum is almost unaffected up to
250 ns (neutron energy ≈ 20 MeV) as clearly visible in Paper III. Such results have been interpreted via MCNPX simulations. MCNPX was used to
generate a neutron energy spectrum at the two detection positions. The neutron spectrum before the moderator is the same reported in figure 1.7: the
spectrum after the moderator was simulated implementing into the MCNPX
code the geometry of the moderator, and measuring the neutron flux with an
F2 MCNPX tally. It appears that the less energetic neutrons are the most
attenuated by the water-polyethylene moderator. The most energetic part
of the spectrum, above ≈ 20 MeV, remains almost the same in both cases.
Further details and results are reported in Paper III.

2.3 Biparametric measurements with SDD and
FDD
During the same experimental campaign measurements were also performed
to compare SDD and FDD. A SDD and a FDD both of thickness 24 µm
(Vbias = 30 V) were used with an electronic chain providing a biparametrical
information on the recorded events: the tToF and the energy deposited in the
detector by each event (Ed ). Goal of experiment was to understand whether
correlation between tToF and Ed is possible, and the separation between the
contribution due to the natural uranium events and carbon events in FDD
is achievable.

2.3.1 The electronic chain
The electronic chain was developed during laboratory tests performed before
the ISIS campaign. Its main characteristics are:
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• The diamond detector: SDD-24 was used at ISIS, in laboratory the
SDD-100 was also used.
• The preamplifiers were custom preamplifiers realized at the Politecnico
di Milano. The first one has a rise time of 40 ns and the shaping time
is about 500 ns; the second one has the same rise time but the shaping
time is about 5 µs. The preamplifiers provide both the detector output
and the detector bias.
• the Timing Filter Amplifier (TFA) is used to amplify and to shape the
signal before sending it to the acquisition module. The TFA parameters
are:
– gain=2,
– fine gain=2,
– differentiation constant=0 ns,
– integration constant=10 ns,
– non inverting.
• The acquisition module adopted is a CAEN N1728B digitizer module
[26]: this is a four-channel, 100 MHz ADC. It can be used in Energy
mode, providing a list of biparametrical data: for instance time and
amplitude of the signals. However, the time is calculated from the start
time of the measurements. Thus, in order to obtain a Time of Flight
spectrum the data from the N1728B module need further processing
as explained later. The sampling period is 10 ns: the time resolution
achieved during the tests is 10 ns. The energy calculation is made by
a trapezoidal shaping, with a wide range of programmable parameters.
The algorithm used for energy calculation is the Jordanov-Knoll one
[27].
The first tests were done using the detectors SDD-24 and SDD-100. The
detectors and the electronic chain resolutions were measured using an 241 Am
α source and a pulse train generator in order to simulate the detector signal. The calibration measurements were performed in vacuum for 6 different
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values of bias supply, Vbias . In Figure 2.9 the energy spectrum obtained is
shown for Vbias = 30 V, 40 V, 50 V, 70 V and 80 V. For Vbias two peaks are

Figure 2.9: Energy spectrum obtained using the SDD-24 coupled to the biparametric electronic chain. The energy spectrum is reported for five different values
241
of Vbias . The first peak is the peak from alpha particles of Am, the second is
the peak from the pulse shape generator.

visible: the first one is the peak from 241 Am, the second one, at about 500
a.u. is the pulse generator peak. The latter, as expected, does not vary with
Vbias . On the other hand, by increasing Vbias , the α peak becomes higher
and moves to the right: this is because, by increasing the bias supply, the
electric field is higher, which makes the collection of electrons and holes more
efficient. At 70 V the collection efficiency is maximal, in fact at 80 V the
peak is the same as 70 V. Moreover the detector energy resolution increases
by increasing the Vbias , as shown by the FWHM/peak position ratio (Figure
2.10). The resolution for the α peak increases up to 70 V, where it is equal
to 4%, while it is constantly 1.5% for the pulse generator peak.
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Figure 2.10: Energy resolution achieved for the SDD-24 as a function of the
detector bias supply, Vbias .

2.3.2 The experimental set-up at ISIS
The experimental set-up used in the tests performed at ISIS is reported
in Figure 2.11. The signal from the detector was preamplified using the

Figure 2.11: Schematics of the electronic chain used in the measurements performed at ROTAX using the FDD and the SDD.
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500 ns shaping time; a Timing Filter Amplifier (TFA) was used in order to
increase the signals amplitude by a factor 4. The acquisition module was
the N1728B. For each event pulse height and time of arrival are stored in
a single file. Neutron Time of Flight was calculated off line with reference
to the T0 which is also stored by the acquisition module. The acquisition
trigger is made both on the T0 and on the diamond signal, meaning that
every event occurring at any time is stored, i.e. in these measurements no
acquisition window is present. Data were collected for 22 hours using the
SDD, corresponding to an integrated proton current of 3942 µAh, and for 20
hours using the FDD, i.e. 3578 µAh.

2.3.3 Biparametric measurement with the SDD
In Figure 2.12 the scatter plot of the biparametric data of SDD is shown. On

Figure 2.12: Scatter plot of the events recorded by the FDD.

the x axis tToF is in ns, on the y axis the energy deposited in the detector,
Ed , is in MeV. All the events occur in the first 1 µs, and deposit less then
20 MeV in the detector. The total number of recorded events is 1778 which
corresponds to a count rate of 0.021 c/s. The events are divided into two
regions: the first from 0 to 450 ns, the second from 450 ns up to about 900.
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This represent the double pulse structure of the proton temporal profile,
already discussed in the previous section. The most energetic events are
visible only on the left part of the bunch. This means that the most energetic
neutrons deposit more energy in the detector than neutrons events occurring
at longer tToF : a correlation between the energy deposited in the detector
and the neutron tToF is present. Unfortunately the low count rate precludes
a more quantitative analysis of the data.
In Figure 2.13 the scatter plot projections on the x-y axes are shown. The

(a)

(b)

Figure 2.13: Time of flight (a) and Ed (b) spectrum of the SDD.
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projections confirm that the maximum energy deposited in the detector is
about 20 MeV, and the tToF spectrum shows clearly the double structure of
the proton time distribution. However the overall quality of the data is rather
poor: we reckon this is mainly due to the count rate and the slow electronic
chain. The data quality was much improved in this thesis by adopting a
bigger detector and improved electronic chain as described in chapter 3.

2.3.4 Biparametric measurement with the FDD
Another experiment performed in these measurements was the test of a FDD.
As explained before this detector combines the diamond response (via the reactions 12 C(n, α)9 Be and 12 C(n,n’)3α) with the response due to the presence
of a natural uranium foil. In Figure 2.14 the scatter plot of all the recorded

Figure 2.14: Scatter plot of all the events recorded by the FDD.

events is shown. Since ISIS is a pulsed source with a frequency of 50 Hz,
the temporal distance between the pulses is 20 ms: this is the maximum
time distance between the events recorded by the diamond and the T0. In
the scatter plot of Figure 2.14 we see many events that are not present in
the scatter plot in Figure 2.12: these events are due to the presence of the
uranium foil. On the plot we can see a background of events at every time
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with an amplitude between 2.8 MeV (the acquisition threshold) and 4 MeV:
these events are due to the alpha particles emitted by the uranium foil and
reaching the detector. We also see energetic events up to 50 MeV, with a
tToF up to 17 ms: these events are due to neutron interaction in the uranium foil. Since the uranium foil was made from natural uranium we have
that thermal neutrons also can produce a signal on the FDD. In fact thermal neutrons interact with 235 U producing fission fragments which reach the
detector. The natural abundance of 235 U in natural uranium is only 0.7%.
Although the natural abundance is very low, thermal neutron flux is higher
respect to fast neutrons, and fission cross section of 235 U is 100 times higher
then 238 U. Therefore this detector can in principle be used to measure the
neutron spectrum from thermal component up to 800 MeV. We can discriminate the fission events originated by fast neutrons, considering the the fission
energy threshold of 238 U is about 0.8 MeV. This means that only neutrons
with a tToF shorter than 1.3 µs can produce fission fragments by interacting
with 238 U. In Figure 2.15 the scatter plot of events in the first 2 microseconds
is reported. In this figure we can see the contribution due to both carbon

Figure 2.15: Scatter plot of the events recorded in the first two microseconds by
the FDD.

and natural uranium. The total number of recorded events in this region is
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3302 which corresponds to a count rate of 0.046 c/s. This is about twice
the one obtained in the measurement with the SDD-24: the contribution of
the uranium increases the count rate by a factor two. Observing the tToF
spectrum and the Ed spectrum (Figure 2.16), we can see that the highest
energy deposited is 50 MeV, much higher than in the case of the SDD-24 (20
MeV). This means that fission fragments deposit more energy in the detector

(a)

(b)

Figure 2.16: Time of Flight (a) and Ed (b) spectrum of the FDD.
than events due to carbon reactions. Moreover, observing the tToF spectrum
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we see that using FDD we are able to see events with an energy lower than
6 MeV, i. e. a tToF higher than 800 ns. This comparison can be performed
also comparing graphs 2.15 and 2.12: events above 20 MeV are due only to
fission fragments. Thus, the tToF spectrum for fission fragments events only
is shown in Figure 2.17. In this plot we do not see anymore the double pulse
structure of proton bunches because the fission energy threshold is 1 MeV,
which corresponds to a tToF of about 1 µs. Considering the fact that the
temporal distance between the two proton bunches is 322 ns, it is no longer
possible to separate the contribution of the two bunches, therefore we see
a single structure 1.2 µs wide. This is compatible with the Time of Flight
spectrum measured with Thin Film Breakdown Counter on the VESUVIO
beamline [28].

Figure 2.17: Time of Flight spectrum obtained considering only events which
deposit more than 20 MeV in the FDD. These events are due to fission fragments
originated by neutron-induced fission on 238 U.
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2.4 Conclusions from diamond detector prototype tests
The tests performed with diamond detector prototypes as described in this
chapter and in Papers I- III provide the evidence for the subsequent detector
development. The recorded tToF spectrum shape depends on the choice of
pulse height threshold and was explained on the basis of the known interactions of neutrons in the diamond. Biparametric (pulse height and tToF ) data
provided evidence of correlation between the energy deposited and the tToF ,
although the low count rate obtained was not enough for a quantitative analysis. Moreover, the count rate obtained using SDD-24 and SDD-150 is not
proportional to the diamond thickness, probably due to the active diamond
detector thickness being lower than the thickness of the diamond crystal.
In order to better demonstrate the diamond detector capability as a fast neutron beam monitor, new tests were performed using larger diamond detectors
coupled to a fast waveform digitizer. The experiments were performed at ISIS
during year 2011 and are the topic of the next chapter.
Last but not least, by adding a natural uranium foil to the diamond detector
we are able to increase by a factor two the count rate in the tToF region of
interest. Using the FDD it is possible to measure neutrons from 2 MeV.
The FDD tested at ISIS may find application as a flux monitor for 2.5 MeV
neutrons in the SPIDER diagnostic system, as we are going to see in chapter
5.

Chapter

3

Results from diamond detector
measurements at high rates
A first step towards the use of SDDs at ISIS is to demonstrate reliable operation of the SDD detector in biparametric mode of operation in a high neutron
flux. Tests of diamond detectors, previously performed at ISIS, were reported
in the previous chapter, in papers I, II, III and in [29][30][31][32]. These tests
were performed at rather low neutron detection rates using custom made
fine quality diamonds of small active volume. In the tests presented in this
chapter and in paper IV, two larger SDDs were coupled to a fast waveform
digitizer suitable for off-line biparametric analysis.

3.1 The new detector set-up
Diamond detectors used for measurements were Single Crystal Diamonds produced by Diamond Detectors Ltd. (DDL) [33]. Most of the measurements
were performed with two SDD detectors placed in the neutron beam of the
VESUVIO [34] beam line at a flight distance of about L=12.5 m from the
neutron source; for comparison data were also collected at the ROTAX beam
line at about L=14.2 m flight distance. Two diamond detectors from different production batches and featuring aluminum (Al-SDD) or gold (Au-SDD)
as contact materials were placed in the neutron beam for about three days.
39
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The nominal active volume of the two detectors is identical being 4.7×4.7
mm2 area and 0.5 mm thickness. The electrical contacts have 4.5 mm diameter. The contact is DDL proprietary and it is made, top and bottom, of
Diamond Like Carbon(DLC)/Pt/Au or Al layers, as indicated in Figure 3.1.
A DLC is grown in order to obtain a better coherence of the Pt/Au or Pt/Al
depositions. This allows minimal polarization effects while maximizing stability and contact resilience [35]. Both detectors were mounted on a movable

Figure 3.1: Picture of the DDL proprietary contact.
support that was used to move the SDDs remotely in the horizontal direction
during some of the measurements (Figure 3.2). Two commercial fast preamplifiers, DBA III and DBA IV [25] were used to preserve the fast response
of the SDDs. Both preamplifiers have a shaping time of about 10 ns and a
broad bandwidth in the range 3 MHz - 3 GHz. The gain can be remotely
controlled but was fixed in these experiments to the maximum available gain;
i.e. 38dB and 46dB for the DBAIII and the DBA IV, respectively. An additional custom wideband amplifier (gain=4) was used in order to boost the
amplitude of the signal from the DBAIII preamplifier. The signals from the
two detectors were fed into the CAEN waveform digitizer model DT5751 [36].
This is a four channel desktop digitizer with a sampling frequency of 1 GHz,
input range 0-1 V and 10 bit resolution. The waveforms from both SDDs
were stored in coincidence with a reference signal generated by the proton
extraction from the synchrotron. For each ISIS pulse a waveform of 2500
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Figure 3.2: A picture of the experimental set-up at the VESUVIO data campaign
in October 2011. Neutrons are coming from the right, the detectors are placed directly into the neutron beam. Both detectors were mounted on a movable support
used for beam profile measurements. A zoom of the detectors is visible on the left
part of the Figure.

ns is stored; all time values are synchronised during the analysis relative to
the arrival time of the photons at the detector. The latter is set so that the
peak in time of the photon signal occurs at L/c where c is the speed of light;
L/c=42 ns and 48 ns for VESUVIO and ROTAX, respectively.

3.2 Results
An example of recorded waveforms from the two detectors is shown in Figure
3.3. The different polarity is due to the use of the two different preamplifiers
(DBAIII is inverting, DBAIV non-inverting). Typically many narrow pulses
(each about 10 ns long) are recorded in every 2500 ns long waveform. Several

42

CHAPTER 3. RESULTS FROM DIAMOND DETECTOR
MEASUREMENTS AT HIGH RATES

pulses can be recognized in Figure 3.3 with pulse height (hp ) values ranging
from noise level (rms=10 mV for the DBAIII, and 6 mV for the DBAIV)
up to hundreds of mV. A dedicated Python [37] code was used for off-line

Figure 3.3: Data from the recorded waveform for the Au-SDD (black) and for the
Al-SDD (red). The full waveform is 2500 ns long.

analysis to extract information on pulse height hp , amplitude A (i.e. the
area under the pulses in Figure 3.3) and Time of Flight (tToF ) from the
measured waveforms. The analysis is based on identification of all data
points exceeding a threshold value (usually 30 mV) above the average offset
level. These are tagged as events and N=12 data points around the pulse
height maximum are used for each event to determine the pulse amplitude.
The baseline is determined for each event from the 6 data points preceding
the pulse and subtracted before computing the pulse amplitude. The time
at maximum pulse height is used as tToF value. It is important to note
that the amplification and digitization approach used here was optimized for
speed rather than pulse height resolution; hence the pulse height resolution
is modest. To reduce the uncertainties the integral pulse height or amplitude
A was obtained from the sum of the N data points for each event and used
as a measure of the energy deposited in the SDD.
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3.2.1 Energy calibration
Energy calibration of the Au-SDD coupled to DBAIV was performed using a
241
Am α-source in air after the experiments at ISIS. The calibration results
are shown in Figure 3.4. The peak position is 589 mVns and the FWHM

Figure 3.4: Calibration peak for the Au-SDD with

241 Am

source. The line is a
Gaussian fit to the data. The Gaussian parameters are height I= 4 · 104 , FWHM=
119 mVns, position A=589 mVns.

is 119 mVns or 20%. This a large FWHM compared to usual performance
of these detectors [19] and is due to the data digitization and analysis used.
Assuming an α energy of 5.2 MeV (5.5 MeV less the energy loss in 3 mm
of air), we get a calibration coefficient of 8.9 · 10−3 MeV/(mVns) that was
used to convert A values to equivalent deposited energy Ed . The error in the
calibration coefficient is mainly systematic and estimated to be ≈10%. A
second energy calibration was performed during the experiments at ISIS for
both detectors. Due to the lack of available calibration α-particle sources at
the measurement location, the alpha decay of a natural uranium foil was used
as a calibration reference (thin uranium foils are in regular use at the VESUVIO beam line). The measured α-particle spectra are shown in Figure 3.5
for both detectors. For the Au-SDD the spectrum appears as a single peak
at A=305 mVns even though it is due to α-particles of energy 4.23, 4.67 and
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Figure 3.5: Calibration peak for the Au-SDD. The data are the amplitude spectrum from a natural uranium source with statistical error bars. The line is a
Gaussian fit to the data. The Gaussian parameters are height I= 25, width W=
305 mVns (FWHM), position A= 305 mVns. (b) Same as (a) but for the Al-SDD.
The Gaussian parameters are I = 20, W = 435 mVns, A = 420 mVns

4.85 MeV. The FWHM value happens to be the same as the peak position
and is much larger than the distance between the different α-particle peaks.
It is also much broader than the statistical broadening. For the Al-SDD the
situation is similar, with A=435 and FWHM=420. The large FWHM values
are due to the poor quality of the uranium foil as a calibration source: especially the foil thickness of 30 µm and the poor collimation have the effect
of decreasing the average energy and broaden the distribution. The result is
that the peak position for the Au-SDD is about 60% lower than expected.
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Still the relative peak positions for the two detectors are consistent with the
different amplification settings: DBAIV (without preamplifier) provides a
gain of about 200 whereas DBAIII + custom amplifier provide a gain of 320.
The calibration of the Al-SDD was therefore calculated by considering the
ratio between the peak position obtained with nat U measurements with AuSDD and Al-SDD. We get a calibration coefficient of 5.6 · 10−3 MeV/(mVns)
for the Al-SDD.
The relation between measured pulse height hp and integral amplitude A

Figure 3.6: Scatter plot of A vs hp for a subset of the data collected with the
Au-SDD placed in the VESUVIO neutron beam. The line is a linear best fit to
the data. (b) same as (a) but for the Al-SDD. The total number of data points is
1.6 · 106 in (a) and 3.9 · 106 in (b).

is shown by the scatter plot of Figure 3.6 which includes a subset of all
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data collected with the Au-SDD and Al-SDD placed in the VESUVIO neutron beam. The data extend up to the maximum hp values allowed by the
digitizer input (including some offset). A very small fraction of the events
(<0.1%) saturates the digitizer input for the Au-SDD and was rejected from
the analysis. The fraction of saturated events is larger for the Al-SDD (≈0.5
%). This suggests that the data quality of Al-SDD at high Ed values (say,
Ed >30 MeV) may be less good than for the Au-SDD. In both cases the data
show a large scatter around an average linear relation A=τ · hp with τ =5.6
ns and 6.9 ns for the Au-SDD and Al-SDD, respectively. This is consistent
with the use of a second amplification stage for Al-SDD slightly broadening
the pulse shape. Taking into account the energy calibration of the detectors
a pulse height value of hp =1 V translates to an energy of 50 MeV and 38
MeV for the Au-SDD and Al-SDD, respectively. The maximum deposited
energy recorded by the two detectors is somewhat higher because of the calibration error (≈10%). The threshold pulse height of hp =30 mV translates
to an energy of 1.49 MeV and 1.16 MeV for the Au-SDD and Al-SDD, respectively. These values set the maximum and minimum deposited energies
in our measurements. Note that neither limit is sharp. For instance the
threshold hp >30 mV does not correspond to a sharp cut in the events plane
in Figure 3.6. This is because the threshold is relative to an average offset
whereas the actual offset subtracted to each event is different. The upper
energy limit is more clearly recognizable in Figure 3.6 due to the cluster of
events with saturated pulse height.
By counting the pulses above a certain hp threshold it was possible to test
the detector stability. The neutron count rate for hp >150 mV (i.e. Ed >5.8
MeV) was found to be stable at the percent level for a period of 30 hours
using the Al-SDD. The average count rate was 3.5 count/s. Since most of
the events occur within 600 ns (see below) of the proton interaction with
the target, the peak count rate can be estimated as (50×6 · 10−7 )−1 time the
average count rate, or ≈ 100 kHz. The total count rate including events of
lower deposited energy is much higher and exceeds 1 MHz for events with
hp >30 mV. This suggests that the fast signal amplification and digitization
is essential for successful operation of an SDD in the ISIS environment. The
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total count rate of the Au-SDD and Al-SDD includes a large contribution
from events of low pulse height and depends strongly on the hp threshold
value and on the way the data are processed. For this reason the total count
rate varies by a factor 3 between the Au-SDD and Al-SDD even if their
response at high Ed is similar (see below).

3.2.2 tToF vs Ed contour plot and projections
Figure 3.7 shows the biparametric (tToF - deposited energy, Ed ) contour plot
recorded with the Al-SDD - DBAIII preamplifier -4X amplifier (a) and the
Au-SDD - DBAIV preamplifier (b). The structure of the event distribution
in the contour plot reflects the time structure of the two bunches in the proton beam. The events from the two bunches are well separated in time only
for deposited energies Ed >10 MeV. For lower Ed values the two bunches
overlap. Note that the grey scale is reversed and the maximum event concentration corresponds to a white colour.
Some peak structures with >2000 (Al-SDD) and >900 (Au-SDD) events per
bin can be recognized at Ed values below 5 MeV. The peak at about (tToF =42
ns, Ed =2 MeV) is associated with a strong flash of γ-rays coming directly
from the moderator and spallation target. This peak was used for synchronization of the tToF axis since it provides a more stable reference than the
proton signal from the accelerator. An identical peak is visible about 320 ns
later and is due to the second proton bunch. A broader peak structure is
also visible at longer tToF (≈800 ns). The same peaks are visible in the tToF
spectra shown in Figure 3.8. One can see that the width of the two γ-ray
peaks are about the same as the width of the proton signal peaks shown for
comparison. The peak at ≈800 ns is comparatively broader. The differences
in the detailed shape of the tToF spectra are mainly due to low pulse height
events contributing differently to the count rate in the two detectors.
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(a)

(b)

Figure 3.7: Contour plot of the event density in the (tToF , Ed ) plane for the
Au-SDD (a) and the Al-SDD (b). The total number of events in the plot is
2 · 107 (Al-SDD) and 6.7 · 106 (Au-SDD). The bin width is 1 ns in tToF and 0.089
(Au-SDD), 0.057(Al-SDD) MeV in Ed . The integrated proton beam current was
4.401 mAh corresponding to a data collection time of 32h. The blue and red
lines are the maximum deposited energy for the case of 12 C(n, α)9 Be and elastic
12 C(n,n’)12 C scattering reactions, respectively. The dashed lines are the same as
the full lines but with a shift of ±35 ns in the tToF value.
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Figure 3.8: Time of flight spectrum for the two detector-amplification combinations used. The black line represents the spectrum for the Au-SDD - DBAIV
preamplifier obtained by projecting the data of Figure 3.7 on the horizontal axis.
The red line is the same but for Al-SDD - DBAIII preamplifier - 4X amplifier
combination. Also shown in blue is the proton pulse signal from the accelerator in
arbitrary units.

Figure 3.9 shows the Ed spectrum obtained by projecting the events in
Figure 3.7 on the vertical axis. Both spectra feature a peak at low energies
(Ed ≈2 MeV) and a long tail. The tail is shorter for the Al-SDD as expected
due the larger signal amplification for Al-SDD resulting in the limit in deposited energy of Ed =40 MeV. In the range 3 MeV<Ed <25 MeV the two
spectra are very similar. This appears to be the most promising range for
use of the SDD as a neutron beam monitor and is further analysed below.
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Figure 3.9: Spectrum of the deposited energy for the two detector-amplification
combinations used. The black line represents the Ed spectrum for the Au-SDD DBAIV preamplifier obtained by projecting the data of Figure 3.7 on the vertical
axis. The red line is the same but for Al-SDD - DBAIII preamplifier - 4X amplifier
combination. The Ed bin width is the same as in Figure 3.7. The vertical scales
are adjusted to provide a good match between the two traces in the range 5 MeV
<Ed <20 MeV.

3.2.3 Comparison with ROTAX
Data were also collected with the Au-SDD on the ROTAX [38] beam line
where the flight distance is longer. The results are shown in Figures 3.103.12 and compared with results obtained on VESUVIO. The difference in the
tToF spectra on ROTAX and VESUVIO is not surprising and is mainly due
to the different flight path in the two beamlines. The longer flight path is
manifested by a better separation between the events from the two proton
bunches (320 ns apart in both cases). For instance in the region at tToF ≈400
ns and low Ed the peaks due to photons and neutrons are resolved in ROTAX
but not in VESUVIO.
The comparison between the Ed spectra in Figure 3.12 suggests that the
neutron energy spectrum may be different in the two beamlines. In order
to rule out instrumental effects the spectra on VESUVIO were collected
with the same amplification chain coupled to either Au-SDD (black) or Al-
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Figure 3.10: Contour plot of the event density in the (tT oF , Ed ) plane for the
Au-SDD on the ROTAX beamline. The total number of events in the plot is
3 · 107 . The bin width is 1 ns in tToF and 0.065 MeV in Ed . The integrated proton
beam current was 11.7 mAh corresponding to a data collection time of 65h. The
blue and red lines have the same meaning as in Figure 3.7 and were calculated
assuming a flight distance L=14.2 m.

SDD (red). The measurement performed with the Au-SDD coupled to the
DBAIII + Amp lasted 2 hours for a total number of events of 1.4 · 106 and
an integrated current of 360 µAh. The spectrum measured with the AlSDD is the same as in Figure 3.9. Apart from the different statistics the
two VESUVIO spectra are identical for Ed >2 MeV whereas the ROTAX
spectrum has a somewhat different shape. The ROTAX spectrum can be
scaled to match the VESUVIO spectra for 5 MeV <Ed <25 MeV but the
match is not accurate. This mismatch was not further investigated in this
thesis but should be interpreted on the basis of detailed simulations of the
target/moderator/collimation geometry for the two beamlines. Here we just
point out that the VESUVIO and ROTAX beamlines view different moderators: the VESUVIO moderator is 300 K liquid water whereas the ROTAX
moderator is 95 K methan moderator.
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Figure 3.11: Time of flight spectrum for the Au-SDD - DBAIII preamplifier 4X amplifier combination on the ROTAX beam line (blue). For comparison the
spectra of Figure 3.8 are also shown.

3.2.4 Biparametric analysis
The blue and red lines in Figure 3.7 provide a guide for understanding the
observed event distribution in (tToF , Ed ) space. The blue line is the maximum
energy deposited by 12 C(n, α)9 Be reactions of neutrons having the energy
corresponding to the tToF value; i.e.
En [eV] =



72.2985 · L0 [m]
tToF [µs]

2

and Ed = En + Q

(3.1)

where En , Ed and the neutron mass are in energy units, c is the speed of light,
L=12.5 m is the VESUVIO neutron flight distance and Q=-5.7 MeV is the reaction negative Q-value. Other break up reactions such as 12 C(n,n’)3α have
a higher threshold and provide events that should fall below the blue curve.
This is indeed what is observed for short flight times provided one takes
into account the ±35 ns time spread of the proton pulse illustrated by the
dashed blue lines. For flight times longer than ≈300 ns, where En is low and
12
C(n,n’)3α is below threshold, there is a significant amount of events (best
seen in the second bunch of events i.e. at tToF > 700 ns). This is where a
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Figure 3.12: Spectrum of the deposited energy for the Au-SDD - DBAIII preamplifier - 4X amplifier combination on the ROTAX beamline (blue). The same spectrum divided by 5 is shown for comparison with spectra obtained on VESUVIO
with the same amplification chain coupled to either Au-SDD (black) or Al-SDD
(red). The vertical scales are adjusted to show a good match between the two data
sets collected on VESUVIO.

broader peak structure is observed in Figure 3.7. A possible explanation for
these events is that they are due to neutron elastic scattering off carbon. The
recoiling carbon nuclei have a maximum energy (head on collisions) amounting to 28% of the incoming neutron energy. The corresponding Ed -tToF curve
is shown in red in Figure 3.7. The tToF range where elastic scattering seems
to be the main interaction process is tToF =380-580 ns. The corresponding
neutron energy interval is 2.4<En <5.7 MeV.
Further insight in the data can be gained by slicing the 2D data plot
along lines of constant tToF or constant Ed . In Figure 3.13, the Ed spectrum
for different neutron tToF is plotted. The tToF bin width was chosen equal to
5 ns in order to achieve sufficient statistics. The tToF values correspond to
an (average) neutron energy equal to En =21.1 MeV (tToF =200 ns), En =13.3
MeV (tToF =250 ns), En =9.2 MeV (tToF =300 ns). There is a clear correlation
between average En and maximum Ed . A more quantitative analysis of the
spectra would require knowledge of the SDD response to monoenergetic neu-
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trons folded with the relatively broad time distribution of the protons. tToF

Figure 3.13: Ed spectrum for the Au-SDD for the tToF values reported in the
legend. The tToF bin width is 5 ns. The Ed bin width is 0.089 MeV.
spectra obtained for larger Ed thresholds are shown in Figure 3.14. Again
a clear correlation between tToF and Ed is observed: the maximum tToF is
shorter for the higher energy. A neutron that deposits 10 MeV in the SDD
should have En >15.7 MeV; that is tToF < 230±35 ns. A neutron that deposits 20 MeV should have En >25.7 MeV, i.e. tToF <182±35 ns. The spectra
in Figure 3.14 are in qualitative agreement with the above tToF limits. Again,
for a quantitative analysis knowledge of the SDD response to monoenergetic
neutrons is needed. Future work will include the improvement of the data
reduction for optimal energy resolution before the SDD response function is
determined at a suitable neutron source.
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Figure 3.14: tToF spectrum for the Au-SDD for the Ed intervals reported in the
legend. The tToF bin width is 1 ns.

3.2.5 Beam profile measurements
The last measurement performed at the VESUVIO with the Al-SDD coupled
to the DBAIII was a horizontal scan of the detector position in order to
determine the spatial profile of the neutron flux. Figure 3.15 represents the
horizontal beam profile for different regions in the (tToF , Ed ) space. The
number of events were normalized to the integrated current. Three regions
are considered:
• Ed <5 MeV and tToF < 75 ns. Here the events are mainly due to photon
interactions. The profile width (FWHM) is W=48 mm
• Ed >5 MeV, 200<tToF < 250ns. The events in this range are mainly
due to inelastic n-C reactions with intermediate En values. The profile
width (FWHM) is W=36 mm
• Ed >15 MeV. This region includes events due to high energy neutrons.
The profile width (FWHM) is W=41 mm
The differences in profile width are well outside the uncertainties in the measurement. It would be interesting to compare the results with model simulations of the neutron and γ-ray collimation along the VESUVIO beam line.
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This simulation work will be addressed in the future. Once the SDD re-

Figure 3.15: Horizontal beam profile obtained by selecting events with (a) Ed <5
MeV and tToF <75 ns, (b) Ed >5 MeV, 200 <tToF <250n (black), and Ed >15
MeV (red). Each point corresponds to a 15 minute long run. The integrated
current was typically 45 µAh in each point. The lines are a Gaussian fit to the
data.
sponse to monoenergetic neutrons becomes available it should be possible to
unfold the biparametric spectrum and determine the beam profile as function of neutron energy. This will be especially interesting on the ChipIr beam
line where different modes of operation will be available providing a range
of beam profiles. The measurement of the beam profile at different neutron
energies will be a powerful benchmark for the neutron transport simulations
on which the ChipIr beam line design is based.
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3.3 Conclusions
The performance of a single crystal diamond (4.7×4.7×0.5mm3 active volume) detector was tested in the ISIS pulsed neutron beam using a fast biparametric data acquisition. Three characteristic regions in the biparametric
spectra were observed: i) low pulse height events with very short time of
flight induced by γ-rays; ii) low pulse height events at longer flight times (i.e.
neutron energies En >3.5-6 MeV), possibly due to neutron elastic scattering
off 12 C; iii) events with large pulse height and flight times corresponding to
En >6 MeV mainly due to inelastic reactions such as 12 C(n, α)9 Be and
12
C(n,n’)3α. The SDD is a promising detector in view of applications to
the ChipIr neutron beam line for fast neutron irradiation of electronic components at ISIS. Applications to be further investigated with the help of
response function measurements and neutron transport simulations include
beam profile measurements, beam intensity monitoring and measurements of
the neutron energy spectrum in a broad range of fast neutron energies.

Chapter
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Simulations of neutron production and
transport in SPIDER
The neutron detection system proposed as a beam diagnostic for SPIDER
will measure the map of the neutron emission from the SPIDER beam dump.
In this chapter the neutron emission process is investigated with the help of
simulations.

4.1 Simulations of deuterium beam interaction
In SPIDER a beam of 100 keV deuterium ions will collide against the beam
dump inclined by 30o relative to the beam axis. The total beam current of
40 A is thus spread out over a surface of ≈ 1 m2 for a reference average current density of 40 A/m2 and deuterium flux of 2.5 · 1020 D/m2 · s. The beam
dump has a depth much larger (tens of mm) than the deuterium deposition
layer. Earlier studies [39] indicate an expected neutron production for 100
keV deuterons on saturated copper alloy of ≈ 3 · 107 n/mAs (see Figure 4.1).
This gives a total neutron production per SPIDER pulse (lasting 3600 s) of
up to ≈ 4 · 1015 neutrons.
In order to confirm these values a Local Mixing Model (LMM)[40]) was used
to predict the evolution of deuterium ions implanted on the SPIDER beam
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Figure 4.1: Predicted (lines) and measured (symbols) neutron yield from copper
beam dump at deuterium beam facilities [39].

dump. The computer program TRansport of Ion in Matter (TRIM)[16] was
used to determine the range distributions and energy loss of the implanted
deuterium inside the target material and the target damage due to the deuterium ions bombardment.

4.1.1 Deuterium implantation profile
Deuterium beam interaction was simulated using the TRIM program. In
this MonteCarlo code, the interactions of energetic ions hitting the target
material are described by i) collisions with electrons where energy is lost but
the direction of motion is not changed (inelastic energy loss) and ii) elastic
collisions with nuclei where both energy and direction of motion are changed.
The trajectories of 106 deuterium ions with an initial energy E0 =100 keV and
incidence angle equal to 60o relative to the normal to the CuZrZr-alloy target surface have been simulated. The projection of the trajectories in a plane
normal to the surface of bombardment is shown in Figure 4.2. When energetic particles impinge on a solid surface, a fraction of them is backscattered
retaining part of their initial energy. Besides, when the incident particle or a
target recoiling atom reaches the target surface there is the possibility that a
solid atom could be ejected from it (physical sputtering). About 95% of the
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Figure 4.2: Planar projection of ion trajectories generated by a TRIM simulation
for 100 keV deuterium and 60 degrees incidence in CuCrZr-alloy.

deuterons penetrate (by up to 1 µm) in the beam dump and can contribute
to the neutron emission. The deterium deposition profile, i.e. deuterium
ion distribution across the target, is shown in Figure 4.3 as function of the
target depth (z). The plot ordinate P(z) represents the probability than an
incident ion comes to rest at depth z in the element length dz. According
to the TRIM results of Figure 4.3 all deuterium ions are deposited within
a depth of 0.8 µm from the target surface; the ion projected range in the
target solid is nearly 0.3 µm.

4.1.2 Ion Energy Loss
The energy loss of ions by collision with the target electrons is called electron
energy loss or ionization loss. It constitutes the main channel of energy loss
for the incident ions. Other sources of energy loss are due to the collisions
with the solid nuclei: if the target atom retains enough energy it will leave
the lattice site and will continue to loose energy as the incident ions. If the
imparted energy is less than the displacement energy, the target atoms return
to the original site by loosing their energy by lattice vibrations (energy loss
by phonons). According to TRIM results, 97% of the initial ion energy is

CHAPTER 4. SIMULATIONS OF NEUTRON PRODUCTION AND
62
TRANSPORT IN SPIDER

Figure 4.3: Penetration depth distribution of implanted deuterium in the beam
dump.

lost by ionization, ≈0.1% by elastic collisions from ions or displaced target
atoms, the rest by phonon energy loss. Figure 4.4 shows the ionization energy
loss of the incident ions and of the recoiled atoms versus the target depth.
Most of the ion energy is deposited in the target very close to its surface.
The integral of the energy loss of the ions with respect to the target depth
gives the total energy deposited by one incident ion. The average ion energy
as function of target depth was determined and it is shown in Figure 4.5 as
fraction of the incident energy E0 . This quantity is used in the next section
to determine the neutron emissivity from fusion reactions between deposited
deuterium and incident deuterium.

4.1.3 Ion damage and deuterium concentration in the
beam dump
During the slowing down of the incident ion each nuclear collision will transfer
energy to the target atoms. At sufficiently high energy transfer, the primary
knock-on atom may create a collision cascade and further material defects.
A relatively large energy is required to move a target atom far enough from
its original site in order to create a vacancy and an interstitial that do not
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Figure 4.4: Electronic (ionization) energy loss of deuterium ions vs penetration
depth. Also shown is the energy loss due to recoiling target atoms (x100).

Figure 4.5: Average deuterium energy as fraction of the incident energy (E0 =100
keV) as function of penetration depth.
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recombine (Frenkel pair). The TRIM code calculates the number of target
atoms displacements per incident ion (either made by the ion itself or by all
the recoiling target atoms). The results from TRIM are multiplied by the
ion fluence to determine the damage profile in displacements per atom (dpa).
Figure 4.6 shows the damage profile versus target depth at different implan-

Figure 4.6: Ion damage (displacements per atom) at different times after switch
on of the deuterium beam.

tation times for a reference deuterium incident flux of 2.5 · 1020 D+ /m2 s. After
a deuterium bombardment of t=100 s the damage becomes larger than 10
dpa (vacancies) within 0.5 µm from the surface. As shown in Figure 4.6,
the damage rate near the surface of the target becomes very high and it is
probably accompanied by a highly damaged state of the material, with the
formation of bubbles, microchannel networks and cracks all over the deuterium implantation zone [41].
Due to the high damage rate in the target, the implanted deuterium ions
are suddenly trapped in the material defects. In this situation the diffusivity
or the detrapping of the implanted deuterium are small and high concentrations of the implanted deuterium can build up. Clearly the material cannot
accommodate an arbitrarily high concentration of implants. There is experimental evidence of release of the implanted gas over a certain value of fluence.

4.1. SIMULATIONS OF DEUTERIUM BEAM INTERACTION

65

It implies a saturation level on the hydrogen concentration within the material. The LMM is a simple model for local saturation, in which the bulk
concentration, c(z) of implanted deuterium at depth z from the surface is
limited to a maximum (or saturation) value, cs [42]. In case of implantation
of a single hydrogen isotope the LMM model simplifies to:
dc(z)
= φ · P (z)
dt

(4.1)

when c(z)< cs , and:
dc(z)
=0
(4.2)
dt
when c(z) = cs . Here P (z) is the implantation profile (4.3) and φ = 2.5 · 1020
D+ /m2 s is the assumed flux of incident deuterium. It is easy to integrate the
above equations given the deuterium profile as function of depth z and the
implantation time t:
c(z, t) = min[φ · P (z) · t, cs ]

(4.3)

The deuterium concentration profiles are given in atomic fraction (at.fr.),
i.e. number of deposited deuterium atoms per solid atom. From experiments
on hydrogen implantation in copper, a typical value is cs ≈20% at.fr. [40].
With this choice of saturation value the implantation profile in Figure 4.3
gives the deuterium profiles shown in Figure 4.7. The concentration profile
has a peak at ≈ 0.3 µm, equal to the deuterium range in the copper alloy,
shown in Figure 4.3. Deuterium saturation is first reached after ≈ 30 s of
bombardment. After 100 s the deuterium is saturated from 0.07 up to 0.5
µm, and if we consider an irradiation time greater than 200 s the deuterium
concentration is fully saturated up to a penetration depth of 0.7 µm.
The LMM does not include temperature effects for the evaluation of the
deuterium profile in highly bombarded targets. It has been found that the
saturation level, cs , may depend on temperature for some materials like carbon [43]. The possibility of hydrogen thermal release from a saturated solid
layer has been included in a extended LMM version [42][41]; however the
extension means that several additional parameters enter the model, which
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Figure 4.7: Deuterium concentration profile at different times after switch on of
the deuterium beam.

can only be determined by experimental measurements. Another effect that
has to be considered is the tritium production in the beam dump due to DD
reactions. These effects are believed to be small and have not been taken
into account here.

4.2 Neutron production in SPIDER beam dump
The neutron emissivity at a given point (x, y, z) in the beam dump can be
written as:
y = φ(x, y, z) · σ · nd
(4.4)
where φ(x, y, z) is the deuteron flux entering the dump, σ(Ed ) is the cross
section for the DD reaction and nd (x, y, z) is the density of deuterium nuclei
in the dump. The latter can be obtained by multiplying the atomic density (nCu ) in the dump copper alloy by the deuterium concentration profile
c(x, y, z, t):
nd = nCu · c
(4.5)
The map of deuterium flux φ(x, y) was calculated and shown in chapter 1
(Figure 1.13) for stable beam conditions. The peak flux is φ = 2.5 · 1020
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D+ /m2 s, and is lower by about one half between adjacent beamlets. A lower
flux implies a longer time for the concentration profile to reach the saturation
value, as indicated in formula 4.3. Thus, non-uniformity in deuterium flux
affects the neutron yield: both directly (y is proportional to φ) and indirectly
because of the c dependence on the deuterium flux.
We are not interested in resolving the details of the neutron emissivity within
a beamlet footprint. This means that the diagnostic performance can be
assessed on the basis of a simplified model for the global neutron emission
inside the dump. The model is based on the average deuteron behavior inside
the dump. Each deuteron is assumed to slow down in the dump according
to the energy distribution shown in Figure 4.5. Thus our model is based on
two simplifying assumptions: i) the deuteron flux is independent of z and
ii) the flux level is fixed and it is φ = 2.5 · 1020 D+ /m2 s. This gives the
concentration profiles of Figure 4.7 where the chosen flux value affects the
time scale but not the profile shapes.

4.2.1 Neutron emissivity
The DD cross section can be expressed as a function of the penetration depth
z via the relationship between the cross section and the deuterium energy
reported in [44]. The cross section as a function of the deuterium energy and
the penetration depth is reported in Figure 4.8(a) and (b), respectively.
Using formula 4.4 the neutron emissivity has been calculated as a function
of the penetration depth for different irradiation time. In Figure 4.9 the neutron emissivity as a function of the penetration depth is reported for different
irradiation times (see Figure 4.9). According to the model the neutron emissivity has a position-dependent saturation level. For low irradiation times
(< 30s) the saturation is not reached and there is no saturation point in the
neutron emission profile. For longer irradiation times the neutron emission
saturation occurs when the deuterium concentration profile reaches the value
of 20% of nCu . For an irradiation time of 100 s the concentration reaches
the saturation value at 0.1 µm, therefore the neutron emissivity is highest at
0.1 µm. Considering an irradiation time greater than 200 s, the deuterium
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concentration is saturated up to 0.7 µm and the neutron emissivity is fully
saturated over most of the profile. This means that after this irradiation time
the neutron emissivity is only dependent on the deuterium beam intensity.

(a)

(b)

Figure 4.8: Cross Section for the D(d,n)3 He reaction as function of deuterium
energy (a) and of the penetration depth (b).
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Figure 4.9: Neutron emission profile as a function of penetration depth (z) after
the irradiation times reported in the legend.

4.2.2 Source brightness
Equation 4.4 can be integrated along the penetration depth to give the neutron brightness of the source:
b=φ

Z

σ · nD · dz

(4.6)

The brightness (in units of n/m2 s) as a function of the irradiation time is
reported in Figure 4.10. It features a linear growth lasting for about 50 s
followed by an asymptotic approach to a saturation value of 1.4 · 1012 n/m2 s.
At times longer than 200 s the brightness is fully saturated.
The values in Figure 4.10 are representative of the peak brightness point
within a beamlet footprint, as already said in the previous subsection. The
brightness will rise more slowly at the footprint boundary, reaching a lower
saturation value in proportion to the local deuteron flux. The main outcome
of the result of our model calculation is that
• About 3 minutes will be needed before the neutron emission reaches a
steady state value in SPIDER. This time may be shorter depending on
the initial deuteron concentration. The transient phase before satura-
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Figure 4.10: Neutron emission rate as a function of the irradiation time.

tion depends on the initial deuteron concentration in the dump and on
the beam intensity.

• The saturation value of the neutron brightness depends mainly on the
beam intensity. At full power the average neutron brightness will be
≈ 1012 n/m2 · s if the saturation concentration value is 20%.

A neutron measurement system with a time resolution of 1 s or better and
a spatial resolution able to separate the neutron emission from individual
beamlets will be able to provide diagnostic information on the beamlet intensity. Relative intensity changes between beamlets will be reflected in their
neutron brightness: the neutron brightness map is also a map of the beam
intensity. The transient phase at the switch-on of the beams is expected to
provide information on the deuteron implantation in the copper alloy (e.g.
deuteron migration in the quiet phase between SPIDER pulses can be investigated).
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4.3 Neutron transport in the SPIDER beam
dump
From what was shown in the previous section it is clear that neutron emission
occurs on the beam dump surface up to a penetration depth of 0.8 µm.
Neutrons emitted must cross the dump in order to be detected on the back
side, where our detector will be placed. A fraction of the neutrons is scattered
in the process: in this section the results obtained from MCNPX simulations
of scattering will be described. The effect of the beam dump on neutron
transport was investigated using the MCNPX code. Many aspects of the
neutron trasport across the beam dump materials were investigated:
• The effect of the beam dump materials on neutron propagation. Simulations were performed with and without the beam dump in order to
investigate the effect of scattering and adsorption in the copper-alloy
and in the cooling-water.
• The effect of the mechanical support holding the beam dump in place.
• More generally, the contribution of the SPIDER vessel.
Neutrons bouncing back from the walls of the bunker, in which the experiment is contained, are mostly thermalised and have no effect on detectors of
fast neutrons.

4.3.1 Simulations
The CAD model of the SPIDER beam dump was shown in Figure 1.10. The
beam dump geometry can be approximated as a 2D slab with two layers of
copper alloy separated by a layer of water (Figure 4.11). This model is adequate for assessing the importance of scattered neutrons and for designing
the neutron diagnostic system.
Three panels parallel to the xz plane are inserted along the y-positive axis.
Two of these panels are made from copper alloy (CuCrZn) and the one in
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between is made from water. The panels are infinite in the x and z direction and have a thickness of 5.8 mm, 6.2 mm and 5.0 mm. The thickness
was chosen in order to preserve the same volume ratio between copper alloy
and water. A monoenergetic neutron source (En = 2.5 MeV) is placed in the
axes origin (green point). The neutron detector was placed at a distance of
30 mm from the source. The detector is a flux monitor (MCNPX - mesh
tally, type 1) of area of 200*350 mm2 matching one of the SPIDER beamlet
groups. The monitor was divided in a mesh of 2800 pixels of 25 mm2 area.
The frame which supports the beam dump panels was modelled into an iron
column. This column is shown in grey in Figure 4.11. Instead of creating

Figure 4.11: Cross section of the 2D beam dump model used for the simulations.
In this example neutrons from a point neutron source (green) cross layers of copper
alloy (red) and water (light blue) before reaching the detection surface (black)
located at 30 mm from the source. also visible on the right is the cross section of
a steel column (grey) used to estimate the importance of scattered neutrons from
the beam dump support.

a comprehensive model of the beam dump geometry we separately analysed
the key effects. This approach was preferred since it provides a better comprehension of the different processes. Therefore, three different sources have
been implemented into the MCNPX code:
• An isotropic point source to calculate the spatial resolution;
• A point source with the DD reaction cross section anisotropy to evaluate its contribution to the spatial resolution;
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• A planar source with an area equal to the detector dimensions in order
to investigate the contribution due to the environment materials.
• A planar source with a single beamlet area in order to study the intensity of an individual beamlet compared to total (5×16 beamlets) beam
intensity.

4.3.2 Anisotropy and spatial resolution
The DD differential cross section is anisotropic as shown in Figure 4.12:
more neutrons are emitted along the deuterium beam direction than in the
perpendicular direction.

Figure 4.12: Differential Cross Section for the DD beam-target reaction with
beam energies Ed =50 keV (red), and Ed =100 keV (black). [45]

In the range 0o -90o the cross section can be approximated as:
dσ
= a · (1 + b · cos2 θ)
dΩ

(4.7)

where a and b are fit parameters and θ is the angle between the neutron and
deuteron velocities. The anisotropy coefficient values are b=0.82 and b=1.29
at ED =50 keV and 100 keV, respectively. Assuming b≈1 as a representative
value for the whole energy range of interest, we find that the main effect
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of the anisotropy is to shift the neutron intensity at the detection surface.
To illustrate the effect we consider two cases where the intensity distribution

Figure 4.13: Neutron intensity at the detection surface as a function of position
along the x axis. A point source of unit intensity is placed at 30 mm from the
detection surface. The red line is the flux from an isotropic source. The black line
is the flux from a unit source with an anisotropy coefficient 1+cos2 θ where θ is the
angle relative to the deuteron beam direction.

from a point source of unit intensity is recorded on a detection surface placed
at 30 mm from the source. In the case of an isotropic source the intensity
varies along the x-axis reflecting the well-known 1/r2 dependence. This is
shown by the red trace in Figure 4.13. In the second case the neutron emission
has an anisotropy coefficient 1+cos2 θ where θ is the angle relative to the
deuteron beam direction; the deuteron beam is assumed to run in the XY
plane at an angle of 30o relative to the detection surface. The resulting
intensity curve is shown as a black trace in Figure 4.13. The main effect is
a 10 mm shift of the intensity peak whereas the peak intensity is changed
by about 10% and the shape (width) change of the curve is at the 5% level.
This simple model calculation provides an estimate of the effects that are
neglected when assuming an isotropic neutron emission as is done in the
MCNPX simulations below.
If we consider again the red line in Figure 4.13 we see that the intensity
distribution has a FWHM (Full Width Half Maximum) of about 60 mm.
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The width depends on the source-detector distance and can be considered
as an effective spatial resolution or “point spread function” at the detector
surface.

4.3.3 Neutron scattering in the beam dump
The effect of neutron scattering in the beam dump is to modify the intensity
distribution on the detector surface due to a point source as shown in Figure
4.14 (black line). Compared to the case without beam dump (red line), the
intensity peak is slightly increased and the wings are decreased. Note that
scattered neutrons are downgraded in energy (see below) and our simulation
follows all neutrons until their energy drops below 0.2 MeV. The peak increase
is due to a scattered neutron additional component that overcompensates
the attenuation of the unscattered neutrons. In the wings attenuation is
dominant due to the oblique path through the dump.

Figure 4.14: Neutron intensity at the detection surface as a function of position
along the x axis. A unit point source is placed at 30 mm from the detection surface.
The red curve is the same as in Figure 4.13. The black curve shows the effect of
the beam dump placed between source and detector.
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4.3.4 Neutron scattering in the SPIDER materials
The effect of neutron scattering on the SPIDER materials surrounding the
beam dump was investigated with the help of two simulations. The source
used in these simulations is a planar source representing the beam dump
area intercepted by one of the 16 SPIDER beamlet groups made of 5×16
beamlets, as modelled in paragraph 1.2.2. Each elliptical beamlet footprint
is replaced here with a 22×40 mm2 rectangle giving for the beamlet group
a uniform plane source of area 200×352 mm2 . This is the same area as the
detector surface used in the MCNPX model. The neutron intensity on the

Figure 4.15: Contour plot of the neutron intensity on the detector surface due to
a unit uniform plane source of area 200x352 mm2 . The intensity is in m−2 .

detector surface has the symmetric 2D distribution shown by the contour
plot in figure 4.15. As said previously two simulations have been performed:
• First of all, the steel tank was modelled by adding a 50 mm thick iron
cylinder of 4 m diameter and 7 m long. The effect was found to be
totally negligible. This result would also apply to the bunker walls and
any equipment inside the tank that is outside the beam dump area:
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they are too far away to give a sizeable contribution to the neutron
accounting at the detection surface in the energy range En >0.2 MeV.
This would not be the case if the detector were not in close contact
with the neutron source.
• The beam support structure is sufficiently close to scatter neutrons
towards the detector surface. The items closest to the detectors are
the steel columns and the water pipelets letting water in and out of the
hypervapotrons. Other items in the beam dump support are further
away from the detectors and contribute less to the background. Within
the scope of the conceptual study the effect of neutron scattering from
the dump support was investigated by adding an iron column to the
MCNPX model, as shown by the grey block in Figure 4.11. The column
is 1 m long and its cross section in the XY plane is a 20x20 mm2 square.
The comparison between neutron intensities with (black lines) and without (red lines) the iron column are reported in Figure 4.16 and Figure 4.17.
As expected the neutrons scattered from the iron column increase the neu-

Figure 4.16: Neutron intensity profile along the x direction for z=0. The red line
is taken from the data of Figure 4.15. The black line shows the effect of neutron
scattering from the iron column added to the MCNPX model.

tron intensity in the proximity of the column. This can be seen in Figure 4.16
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where the intensity profile along the horizontal direction shows an increase
due to the column on the right hand side that vanishes moving away from
the column. Scattering from the column contributes an additional ≈15% of
intensity near the column. This is shown in Figure 4.17(a) where the relative intensity increase is seen to be more or less uniform along the vertical
direction at the boundary of the detector surface (x=100 mm). On the other
hand the intensity does not change for x=0 (Figure 4.17(b)). We can sum-

(a)

(b)

Figure 4.17: Same as Figure 4.16 but for the z direction and x=100 mm (a), and
x=0 mm (b).
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marise the results of these simulations by stating that a ≈15% increase in
the neutron intensity should be expected within a distance of ≈50 mm from
the beam dump support structures.

4.3.5 Neutron spectrum
The neutron intensities calculated so far include all neutrons with energy
above 0.2 MeV. Since the response of neutron detectors is energy dependent
the role of neutron scattering will depend also on the energy spectrum of the
scattered neutrons. Neutron energy spectra recorded at three different locations on the detector equatorial plane (z=0 mm) are shown in Figure 4.18
for the model case with iron support column. The red line is the reference

Figure 4.18: Neutron energy spectrum at three positions on the detector surface
with z=0 and x=-100 mm (black), 0 mm (red) and 100 mm (blue).

spectrum at the detector centre. At this point the scattering from the iron
column is negligible and all scattered neutrons come from the beam dump.
Most of the scattered neutrons show up in the spectrum as a low energy
tail whereas unscattered neutrons have the full 2.45 MeV energy and fall in
one bin on the right hand side. The scattered neutron spectrum has a fine
structure with broad peaks due to the presence of scattering resonances in
the n-Cu scattering Cross Section. Indeed the same structure (with statisti-

CHAPTER 4. SIMULATIONS OF NEUTRON PRODUCTION AND
80
TRANSPORT IN SPIDER
cal fluctuations) is visible also in the spectrum at x=-100 mm (black) albeit
with lower intensity. At x=-100 mm the neutron intensity is about half the
value at x=0 mm for reasons of detection geometry. At x=100 mm (blue)
the spectrum is the same as at x=-100 mm except for the additional scattering contribution from the iron column: there is no change in the rightmost
bin at full energy, whereas the scattered neutron spectrum now reflects the
scattering resonances of iron on top of the copper ones.
The fractional intensity of the scattered neutrons is about 30% at the positions x=-100 mm and x=0 mm; i.e. 30% of the total neutrons are scattered
from the beam dump before reaching the detection surface. At x=100 mm
the scattered fraction is higher (37%). These numbers would seem in contradiction with the previous observation (Figure 4.14) that the peak intensity
from a point source was hardly affected by the presence of the beam dump.
The reason why both results are correct can be explained as follows. When
the source is close to the detector (case of Figure 4.14) most of the scattered
neutrons have a much longer path before reaching the detection point and
the relative contribution of scattered neutrons to the total is low. When the
source is instead far from the detector the relative contribution of scattered
neutrons is larger. The 30% value is an indication that a large fraction of
the neutron intensity is due to contributions from distant parts of the source;
this is further addressed in the next paragraph.
Experimentally the contribution of scattered neutrons is decreased by detecting neutrons above an energy threshold. For the purpose of illustration
we report in Table 4.1 the relative fraction of scattered neutrons of Figure
4.18 that have an energy exceeding a threshold Eth =2 MeV. Note that the
x [mm]
-100
0
100

Scattered fraction,
Eth = 0.2 MeV
30.3 %
31.6 %
37.3 %

Scattered fraction
Eth = 2 MeV
8.0 %
9.3 %
12.4 %

Table 4.1: Relative contribution of scattered neutrons to the total intensity at
different detection positions and for detection thresholds.
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total intensity above threshold is different for the two columns in the table.
The scattering contribution above 2 MeV is at the 10% level. This can be
further reduced as explained in the next chapter by using a detector that can
discriminate neutrons depending on their angle.

4.3.6 Contribution of a single beamlet

Figure 4.19: Contour plot of the neutron intensity on the detector surface due to
a unit uniform plane source of area 40x22 mm2 centred at the coordinate origin.
The intensity is in m−2 .

We have seen in this chapter that a point source gives an intensity distribution that is peaked at a well-defined position on the detector surface.
We have also seen earlier (chapter 1) that the SPIDER neutron source is an
array of individual sources at beamlet footprints. Each source has an elliptical cross section and a Gaussian profile but here we make the simplifying
assumption that it is a 40x22 mm2 rectangle of uniform emissivity. The intensity distribution on the detector surface from a 40x22 mm2 rectangular
unit source is shown in Figure 4.19. Intensity profiles along the x and z directions are shown in Figure 4.20. The profiles are not very different from those
shown in Figure 4.14 for a pointwise source except for a greater FWHM (≈
5% increase), and for a lower peak intensity (≈ 10%).
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The contour obtained in Figure 4.15 is the superposition of a matrix of 5x16
distributions from individual rectangular/elliptical beamlets (Figure 4.19). If
we compare the normalized intensities (considering the area of the respective
sources) of the profiles shown in Figures 4.20(a) and 4.16 (red line) we obtain
the graph reported in Figure 4.21. The graph tells us that ≈10% of the intensity is due to the beamlet facing the detection point. The remaining 90%
is due to the integrated intensity from the other 79 beamlets. This result is
the starting point for further considerations on the spatial resolution of the

(a)

(b)

Figure 4.20: Neutron intensity profile along the x direction for z=0 (a) and along
the z direction for x=0 (b). Data from Figure 4.19.
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Figure 4.21: Neutron intensity on the detector surface due to a unit uniform
plane source of area 40x22 mm2 centred at the coordinate origin. The intensity is
in m−2 .

neutron measurements. In the next chapter a detector able to discriminate
neutrons respect to their incidence angle will be described. This will lead to
a significant improvement of the spatial resolution of the measurement.

Chapter

5

The CNESM detection system
One of the diagnostic system which are going to be installed on SPIDER is
the Close-contact Neutron Emission Surface Mapping (CNESM). It is based
on the use of nGEM detectors that can measure the neutron emission map
from the SPIDER beam dump with a spatial resolution approaching the size
of an individual beamlet. nGEM can be complemented by other detectors
including the FDD. The detector development for CNESM is presented in
this chapter.

5.1 Fission Diamond Detectors for SPIDER
Diamond, as mentioned before, is a suitable detector material for neutron
detection in highly radioactive environments. Its radiation hardness, low
voltage and room temperature operation make it a practical material for use
in a neutron environment. Unfortunately its inelastic neutron cross section
vanishes below 6 MeV which has so far limited its application in fusion research to the detection of 14 MeV neutrons from the DT reaction. However,
the test performed at ISIS neutron source of a Fission Diamond Detector
(FDD) and described in chapter 2 and Paper III demonstrate that the use of
a diamond detector coupled to a uranium foil makes possible the detection
of neutrons also from the DD reaction: the tToF spectrum obtained for measurements performed was shown in Figure 2.17.
85

86

CHAPTER 5. THE CNESM DETECTION SYSTEM

In order to understand the spectrum in more detail a model calculation can
be made. The Reaction Rate Density (RRD) can be expressed [46] as the
product between the fission cross section, σ(E), and the neutron flux, φ(E).
Multipling the RDD for the Jacobian of the transformation between neutron
energy and tToF we can calculate the RDD as a function of the ToF for a
single proton bunch. This is reported in Figure 5.1. The red line represent

Figure 5.1: ToF Spectrum obtained considering only fission events from

238 U,

compared to simulation results.

the RRD for the first bunch, the orange line for the second bunch. Both
lines have been convoluted with a 70 ns wide gaussian, in order to simulate
the bunch width. The black line represent the sum between the two lines.
The agreement between data and simulation is rather good and confirms the
identification of the selected events with 238 U fission events. The results of
the test confirm that the FDD is detecting neutrons using the same fission
process typical of other common neutron detectors, such as Fission Chambers. What is unique of the FDD is its small size which makes it suitable
for neutron flux measuments behind the SPIDER beam dump with a spatial
resolution of < 10 mm. The detector can be operated in vacuum and fixed
directly to the back of the beam dump. Rates of the order of > 100 Hz are
expected which is sufficient to provide data with 10 s time resolution. Thus
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we envisage that implementation of a few of these detectors would not be
impractical. On the other hand the use of a large number of FDDs would be
cumbersome and expensive. Therefore FDDs will not be used as the standard
detector for mapping the neutron emission from the SPIDER beam dump.
The FDD could instead be used as an independent monitor of the neutron
flux at a few locations behind the dump. The precise location for FDDs use
should be defined as part of the engineering design taking into account the
access constraints of the alternative detectors presented in the next section.
E.g. FDDs may fit in restricted spaces where no other detector would.

5.2 Neutron Detection with nGEM: the diagnostic system
The key component of the CNESM diagnostic system is the nGEM detector.
This is a Gas Electron Multiplier (GEM) detector equipped with a cathode
that also serves as neutron-proton converter foil. In this section the key
parameters of the nGEM detector will be discussed: from the GEM operating
principle to the electronic chain to neutron detection using the nGEM.

5.2.1 Gas Electron Multiplier detectors
The GEM, proposed in the 1997 by F. Sauli [47], was born as an upgrade of
the MWPC (Multi Wire Proportional Chamber, [48]) for its ability to cope
with high intensity fluxes. Overcoming the flux limitation of the MWPC is
particularly needed in the new high luminosity colliders and nowadays the
GEM technology is well established, and it has essential tasks in several high
energy physics experiments including LHCb.
In the GEM detector the conversion, multiplication and the induction regions are physically distinct, resulting in a greater freedom in the readout
geometry. Moreover, the possibility to divide the multiplication in more steps
drastically reduces the problems of discharge and ageing processes.
The GEM is a 50 µm thick insulating kapton foil, clad on each side with a
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thin copper layer (5µm) and chemically perforated with a high density matrix of holes. The holes have a bi-conical structure with an external diameter
of 70 µm and internal of 50 µm and a pitch of 140 µm [49] (Figure 5.2). In a
GEM detector the hole acts as a multiplication channel for the electrons released by ionizing radiation in the gas mixture. Applying a suitable voltage
difference (300÷500 V) between the two copper faces, a high electric field
(<100 kV/cm) is generated inside the holes. In this region, an electron can
acquire enough energy to develop an avalanche. The reachable gain with a
single GEM can be greater than 103 . The choice of the geometrical parameters of a GEM foil, as the hole diameter, the pitch and the hole shape, and
the manufacturing technique are a compromise between production yield and
safe operation of the detector [50].

5.2.2 Single and Triple GEM
The simplest gas detector based on GEM technology is obtained by inserting a single GEM foil between two flat parallel electrodes [51]. The upper
electrode plays the role of cathode while the lower one is the readout anode.
The cross section schematics of a single-GEM detector is shown in Figure
5.3(a), together with the labelling of the different detector parameters. The
drift field, ED , is generated between the upper side of the GEM foil and the
cathode, while the induction field, EI , between the lower side of the GEM

Figure 5.2: Cross section of the geometry of GEM foil and the bi-conical shape
of the holes.
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foil and the anode (PCB). The relative regions are called drift and induction

(a) ED and EI are the drift and the induction
fields, while gD , gI are the drift and induction
gaps; VGEM is the voltage difference applied to
the two copper layers of the GEM foil.

(b) ED , ET 1 , ET 2 and EI are the drift, the first
and the second transfer and the induction fields
respectively; gD , gT 1 , gT 2 and gI are the drift, the
two transfer and the induction gaps respectively.

Figure 5.3: Cross section of a single (a) and triple (b) GEM detector.
gaps. Electrons produced by ionization in the drift gap are driven by means
of the low ED towards the GEM holes, where multiplication occurs. Some
of the electrons from the multiplication are collected on the lower side of the
GEM foil. The fraction of the multiplication electrons that are transferred
in the induction gap, gives rise to an induced current signal on the anode.
Typically, such a fraction is 50% and it depends on the electric field inside
the hole and below the GEM. The multiplication ions are mainly collected
on the upper side of the GEM foil instead of drifting towards the cathode,
leaving the GEM hole free from charges in a relatively short time (few µs),
thus ensuring this kind of detector a high rate capability.

90

CHAPTER 5. THE CNESM DETECTION SYSTEM

As mentioned above, the induced signal is purely due to the motion of the
electrons in the induction gap. Taking into account the high electron mobility, the induced signal is fast and not affected by the ion tail typical of wire
chambers. Higher gas gain, up to 104 - 105 , can be achieved assembling more
than one GEM foil in cascade at close distance to each other. A triple-GEM
detector consists of three GEM foils piled-up and sandwiched between the
two electrodes, and the gain is divided in three amplification stages each with
a lower electric field. A cross section of a triple-GEM detector, together with
the labeling defining the geometrical and electrical parameters, is shown in
Figure 5.3(b). The voltage difference applied to the various GEM foils are
called (from top to bottom) VGEM 1 , VGEM 2 , VGEM 3 , and their sum Vtot .
The gap between the cathode and the first GEM foil acts as conversion and
drift gap. The gap between the last GEM foil and the anode is the induction
gap where (after multiplication, in this case due to the three GEM foils) the
charge induces the signal on the anode PCB. The other two gaps, between
two consecutive GEM foils, are called transfer gaps. They act as an induction
gap for the above GEM, while as a drift gap for the GEM below.
For a triple-GEM detector the intrinsic gain is an exponential function of
VGEM . It is found that the effective gain depends on the voltage applied to
the three GEMs only through their sum. Thus it is possible to unbalance
these voltage differences in order to reduce the discharge effect in the last
GEM.
The time performance of a GEM-based detector depends on the signal fluctuations during the pulse rise. These are correlated with the statistics of the
clusters produced in the drift gap. It was estimated that the Ar/CO2 (70/30)
gas mixture, commonly used by other experiments, give a time resolution of
about 10 ns r.m.s [52] for a typical applied voltage of VGEM =4 kV. This will
be the gas mixture that will be used on SPIDER.

5.2.3 High Voltage and Readout signal
The GEM detector at LHCb has a specialized front-end electronics suitable for operation under tight space constraints and radiation hardness. A
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custom high voltage system is also available that ensures flexibility and safeoperation.
The high voltage is generated by the HV-GEM power supply [53] and is
brought to the detector through a multi-pin (8 pins) cable. A compact panel,
containing RC filters used to filter HV noise, links the pins of the HV cable
to the 7 HV pads that are present on the drift cathode PCB and brings the
voltages to the detector electrodes whose terminals are connected to it.

Figure 5.4: Readout board with 8 CARIOCA chips.

For what concerns the front end electronics, ten CARIOCA (Figure 5.4)
chips will be used to read out the pad signals. This type of chip has already
been used for the LHCb GEM detectors at CERN [54]. CARIOCA is an
Amplifier-Shaper-Baseline-Restorer-Discriminator Front-end Chip fabricated
with IBM 0.25 µm CMOS technology. More details on CARIOCA chips can
be found in [55].

5.2.4 The neutron detection principle with GEMs
As already mentioned the nGEM detector is a GEM detector with a cathode
that also serves as neutron-proton (n-p) converter foil, where neutrons coming
from the beam dump are converted into protons by elastic recoil. A 50 µm
CH2 will be used as converting material, an Aluminium foil will be used as
cathode. A proton which leaves the polyethylene foil with enough energy can
cross the aluminium layer and ionize the gas. The energy of the proton, Ep ,
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is higher if its recoiling angle, θn−p , is smaller:
Ep = En · cos2 θn−p

(5.1)

As said in section 4.3, it is clear that if the neutron emission map must be
representative of the deuterium beam uniformity, the signal read on a nGEM
pad must be due to neutrons emitted from the corresponding 40×22 mm2
beamlet footprint on the dump front surface. This is only possible if we can
select neutrons impinging the cathode surface with an incident angle smaller
than 40-50o . Figure 5.5 illustrates how this is achieved by suitable choice

Figure 5.5: A thick Al cathode (grey) is used to suppress detection of neutrons
with oblique incidence. Only one of the four protons in the figure can cross the Al
layer and produce a discharge in the GEM gas.

of the Al foil thickness by considering two neutrons of energy En =2.5 MeV
hitting the active GEM surface with incidence angles of θ = 0o and θ = 45o .
For a quasi-normally incident neutron (θn = 0o ), the recoiling protons, have
energies ranging from 2.5 MeV (θn−p = 0o ) and 1.77 MeV (θn−p = 45o ). Only
the first proton has energy enough to cross the 50 µm-Al layer and reach the
gas (the range of a 2.5 MeV in Al is 60 µm). The net result is that protons
emitted at 45 o do not reach the GEM gas because they loose all their energy
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in the Al layer. Consider now the neutron impinging the nGEM cathode
with θn = 45o . The most energetic recoiled protons have 2.5 MeV but they
have to cross 70 µm of alluminum: they have a longer path respect to those
emitted with θn−p = 45o . On the other hand these protons have not enough
energy (1.77 MeV) to cross the 50µm Al foil.
This simple analysis shows that the detection of neutrons hitting the nGEM
with a large incidence angle can be suppressed using an opportune Al-foil
thickness. The reference case described here is just for illustrating of the
concept, in the next section the results of simulations performed with different
Al thickness and incoming neutron angle will be discussed.

5.3 Simulation of the nGEM cathode
The simulations were performed with the MCNPX code. A monoenergetic
(En =2.7 MeV) point neutron source was placed at a distance d=30 mm from
the nGEM cathode. The cathode is modelled as a slab composed of a 25 µm
thick polyethylene foil (CH2 ), a t=43 µm thick Al foil and a 3 mm GEM gas
mixture of Argon (70%) and CO2 (30%). A scheme of the geometry of the
cathode implemented in MCNPX is reported in Figure 5.6, the z direction
is the direction of neutron motion. Neutrons in the n-p converter produce

Figure 5.6: A thick Al cathode (grey) is used to suppress detection of neutrons
with oblique incidence. Only one of the four protons in the figure can cross the Al
layer and produce a discharge in the GEM gas.

protons. The energy deposited by protons in the gas was studied using the
MCNPX-F8 tally. This tally produces as output a histogram of the energy
deposited by the proton in the GEM gas.
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5.3.1 Energy deposited in the nGEM gas
In Figure 5.7 the energy deposited, Ed , in the nGEM gas is reported for different Al thicknesses and considering a neutron incident angle equal to 0o . In
Figure 5.8 and 5.9 Ed is reported for different neutron incident angles θn , for
an aluminum thickness of 43 µm and 51µm respectively. The distribution of

Figure 5.7: Simulated distribution of proton energy deposition inside the nGEM
gas for different Al thicknesses. The neutron incident angle is set at θn = 0o .

deposited energy rises sharply above Ed =70-90 keV and drops above Ed =240
keV. The detailed shape of the distribution within this energy range can be
understood by noting that:
• the energy loss dE/dz is a decreasing function of the proton energy,
• the range of the most energetic protons is longer than the GEM gas
thickness.
The result is that higher energy protons deposit less energy in the gas,
whereas the maximum deposited energy is achieved by lower energy protons that have a range matching the GEM gas thickness. We can therefore
interpret the spectral shape as due to two main components:
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• On the low energy side is a strong peak due to energetic protons.
• The second component due to lower energy protons peaks on the high
energy side of the distribution.
If we observe Figure 5.7 we note that the second spectral component does
not vary significantly with the Al-thickness, whereas the first component is
much more dependent on the Al thickness. In fact, increasing the Al foil
thickness the energy of protons reaching the gas is overall decrased.
In Figures 5.8 and 5.9, the first component is seen to be dominant for lower
neutron incidence angles. As θn is increased, the second component does not
vary significantly. For an Al thickness of 51 µm the overall signal drops to
almost 0 for θn > 45 o which is the directional response we wanted to achieve.

nGEM integral detector response
The nGEM detector readout electronics includes a lower energy discriminator that can be set anywhere in the range of deposited energies. We consider

Figure 5.8: Simulated distribution of proton energy deposition inside the nGEM
gas for different neutron incident angles θn . The thickness of the Al foil was t=43
µm.
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Figure 5.9: Simulated distribution of proton energy deposition inside the nGEM
gas for different neutron incident angles θn . The thickness of the Al foil was t=51
µm.

two threshold values: the first one at Edth =70 keV, just below the peak due
to the most energetic protons, and a second one at Edth =200 keV, more sensitive to events due to the less energetic protons. Now we consider the total
number of events above threshold. This is shown in figure 5.10 with an energy threshold Edth =72 keV (a) and Edth =200 keV (b). These plots show the
directionality of the nGEM response to neutrons: the integrated number of
events is a decreasing function both of the angle and of the thickness. If we
consider the plot with an energy threshold of 200 keV (Figure 5.10(b)) we see
that with an Al foil of 43 µm the efficiency at 30o is higher that the efficiency
at 0o . This can be understood by observing figures 5.8 and 5.9: for small Al
thicknesses and small incident angles, the contribution due to more energetic
protons (those depositing less energy in the gas) is higher than the contribution due to less energetic protons (depositing more energy). Therefore, by
increasing the angle, we are increasing the path of protons in Al and then
decreasing their energy. This is the reason why at 43-45-47 µm the detector
efficiency above 200 keV is higher at 30o then at 0o .
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(a) Edth =72 keV

(b) Edth =200 keV

Figure 5.10: Integrated number of events with proton energy deposition above
threshold inside the nGEM gas for different neutron incident angles θn and different
Al thicknesses t.

A good figure of merit is the ratio ρ =N(θn = 0o )/N(θn = 40o ) between
the number of events above threshold at θn = 40o and θn = 0o . For Edth =70
keV this ratio (Figure 5.11 dash-line) becomes smaller as the Al thickness
is increased. This means that a thicker Al layer is better for achieving a
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low sensitivity of the nGEM to neutrons with large incidence angles. For
Edth =200 keV good rejection of large incidence angles is achieved only at the
highest Al thickness value considered. A safe choice is therefore to use an
Al thickness of about 50 µm, providing good results independently of the
choice of Edth (which could be dictated by other instrumental reasons, e.g.
background rejection). A larger thickness would provide somewhat better
directionality but would come at the price of a lower efficiency. An Al thickness of about 50 µm is therefore a good compromise between directionality
and efficiency of the detector.

Figure 5.11: Ratio ρ = N (θn = 0o )/N (θn = 40o ) between the number of events
above threshold at θn = 40o and θn = 0o , plotted as a function of Al thickness t.
The threshold is Edth =72 keV (dash line) and Edth =200 keV (full line).

5.3.2 nGEM detector spatial resolution
The angular response shown in Figure 5.10(a) can be used to determine the
effective spatial resolution of the nGEM. This is shown in Figure 5.12 where
the simulated nGEM response to neutrons emitted along the x-position at
a distance d=30 mm from the nGEM is plotted for the two cases with and
without the Al foil. Without the Al foil the response follows the 1/(d2 +x2 )
law and drops slowly as the neutron point source is moved away from the
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x=0 position, as shown with the red line in figure 4.13. The case with a 49
µm thick Al foil features a sharper decay and drops to zero for x≈50 mm.
The curves of Figure 5.12 can be integrated to give the integral detector re-

Figure 5.12: Simulated nGEM response to neutrons emitted along the x-position
at a distance d=30 mm from the nGEM. The nGEM response is much sharper
when the cathode is equipped with a 49 µm Al foil (continuous line) than without
the Al foil (dashed line).

sponse shown in Figure 5.13 for the cases with (continuous line) and without
(dashed) a 49 µm Al foil. The neutron emission is assumed to be uniform
and isotropic on a surface placed at d=30 mm from the nGEM. The quantity plotted is the relative number of recorded events due to neutrons emitted
from within a circle of radius x. Both curves are normalised so they equal
unity at x=100 mm. Without the Al foil the number of recorded events due
to neutrons emitted within x=30 mm would be as low as ≈30%; i.e. over two
thirds of the neutrons detected at the x=0 position would in fact come from
|x| values > 30 mm. With the Al foil the situation is reversed and ≈80% of
the events recorded at x=0 are due to neutrons emitted within |x| <30 mm.
We conclude that the simulations show a significant improvement in spatial
resolution due to the use of a ≈50 µm Al foil on the nGEM cathode. This
approach was used in the first nGEM prototype tested at the FNG neutron
source, which is the subject of the next section.

CHAPTER 5. THE CNESM DETECTION SYSTEM

100

Figure 5.13: Integral detector response for the cases with (continuous line) and
without (dashed) a 49 µm Al foil. The neutron emission is assumed to be uniform
on a surface placed at d=30 mm from the nGEM. The quantity plotted is the
relative number of recorded events due to neutrons emitted from within a circle of
radius x.

5.4 Experiments with the first nGEM prototype
5.4.1 Experimental set up
Two small area (10x10 cm2 ) nGEM prototypes have been realized and tested
using 2.5 MeV neutrons at the FNG (Frascati Neutron Generator) [56] located in Frascati (see Figure 5.14(a) and (b)). These are triple GEM detectors equipped with the CH2 (60 µm) + Al (40 µm) converter cathode.
The gaps geometry of these detectors is the same as the one used in Triple
GEM LHCb detectors [57]1 . Both detectors were operated using a gas mixture of Ar/CO2 /CF4 (45%/15%/40%). The high voltage configuration was
generated using the HV-GEM NIM module and the bias was applied to each
electrode by means of passive resistive-capacitive filters properly designed for
a Triple GEM detector. The first prototype (hereby called analog prototype)
1

(Drift/Transfer 1/Transfer 2/Induction=3 mm/1 mm/2 mm/1 mm)
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has 128 readout pads but just one of these pads is read out using a standard
pre-amplifier (Ortec 142 IH), amplifier (Ortec 474), MCA (Ortec Maestro32)
chain and MCA outputs pulse height spectra. The second one (hereby called
digital prototype) has all the 128 pads read out by 16 CARIOCA chips and
is able to measure the counting rate of the detector. All the CARIOCAs
are then connected to a custom made FPGA Mother Board that analyzes
the signals coming from the chips. The digital prototype is a complete small
version of the full size area nGEM for SPIDER.

(a)

(b)

Figure 5.14: Analog (a) and digital (b) nGEM prototypes, installed at the FNG
2.5 MeV neutron source.
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5.4.2 First prototype results
nGEM linearity with neutron flux
The first test performed was realized using the digital nGEM prototype.
The results are shown in Figure 5.15. This represent the nGEM counts as a
function of the incoming neutron flux, measured by a NE213 beam monitor.
As expected the nGEM count rate scales linearly with the neutron flux.

Figure 5.15: nGEM response as a function of the neutron flux.Σ∆VGEM =1020 V;
Ed (Drift Field)=ET 1 (Transfer 1 Field)=ET 2 =3 kV/cm, EInd (Induction Field)=5
kV/cm; Gas Mixture Ar/CO2 /CF4 (45%/15%/40%).

This is a crucial result in order to use the nGEM detector as a neutron beam
monitor in SPIDER.

5.4.3 Detector directional response
In order to measure the detector directionality the pulse height spectrum
is needed, therefore the analog detector was used in these measurements.
The measurements were performed using these parameters: Σ∆VGEM =970
V; Ed (Drift Field)=ET 1 (Transfer 1 Field)=ET 2 =3 kV/cm, EInd (Induction
Field)=5 kV/cm; Gas Mixture Ar/CO2 /CF4 (45%/15%/40%). This parameters result into an effective gain of about 96.
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The neutron flux was measured by the NE213 scintillator being equal to
about 108 n/m2 · s. The nGEM detector was aligned to the deuterated target
and the pulse height spectrum (PHS) was measured by rotating the detector
by θGEM = 10, 20, 30, 45, 60, 90 o relative to the incoming beam direction.
Each pulse height spectrum was normalized to the total flux measured by
the beam monitor. The results are shown in Figure 5.16. The rising edge

Figure 5.16:

Pulse height spectrum measured at the FNG neutron source for
different θGEM values.

on the left of the PHS is affected by the low level discriminator threshold,
applied in order to filter the electronic noise. The pulse height spectrum is
essentially the same up to θGEM =30o . On the other hand for θGEM =45o the
counting rate decreases, and the signal drops to almost 0 for θGEM =90o . For
θGEM = 90o the signal is not exactly zero, but since the nGEM chamber is perpendicular to the incoming neutron beam, we can assume the θGEM =90o to
be mostly background.
In Figure 5.17 the integral above the energy threshold, Ed =127 keV, is reported as a function of θGEM . Here the background measured at 90o was
subtracted from all data. As already observed in the previous plot, the detector count rate is almost constant up to 30o , and drops rapidly at larger
angles, confirming the directionality of the detector response.
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Figure 5.17: Integrated pulse height spectrum above the threshold Edth = 137keV
as function of the θGEM .

5.5 Comparison between simulation and experimental results
In this final section the comparison between the experimental results and
MCNPX simulations is presented. First of all the experimental and simulated
pulse height spectra at 0o are compared in Figure 5.18. The simulations
were performed reproducing the experimental conditions but with an Al foil
thickness equal to 33 (red line), 38 (blue line) and 43 µm (green line). The
simulated spectra have been scaled so as to provide a good match to the data
for Ed >130 keV. This is because the measured spectrum is affected by the
low energy threshold and data below Ed =130 keV are an artifact. Above the
threshold all simulations are in reasonable agreement with the measurement.
The area of the PHS above 127 keV is plotted in Figure 5.19 as function
of neutron incidence angle. In this figure the area of the PH spectrum was
normalized to the area obtained at 0o in order to better show the detector
response variation with the neutron incidence angle. The angular response
varies significantly with Al thickness: the detector sensitivity to high incident
angles (high θGEM ) decreases with increasing Al-thickness. The simulated
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Figure 5.18: Experimental pulse height spectrum (black line) compared to the
simulated one. An Al-foil thickness equal to 33 µm (red line), 38 µm (green line)
and 43 µm (blue line) was used in simulations. The neutron incidence angle in
this case was 0o .

Figure 5.19: Integrated PH spectrum above 127 keV. Experimental data are
reported in black, the red line represent the simulated angular responce with Alfoil thickness of 33 µm, the green line 38µm and the blue line considering 43 µm
of aluminium.
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curve providing the best match to the experimental data is the one obtained
with an Al thickness of 38 µm. This is consistent with the measured Al-foil
thickness of 38 µm ±2 µm.
The results of the simulations and the good agreement with experimental
results confirm the suitability of nGEM detector for measuring the neutron
emission map on SPIDER with a spatial resolution approaching the size of
an individual beamlet. From the neutron emission map the deuterium beam
power profile can be inferred provided the deuterium concentration in the
SPIDER beam dump is saturated.

Chapter
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Conclusions and outlook
The research presented in this thesis was devoted to the development of fast
neutron instrumentation for beam diagnostic.
The first part concerns the study of a fast neutron monitor for the ChipIr
beamline at ISIS. ChipIr will be dedicated to neutron chip irradiation experiments for measuring the Single Event Effects incidence rate in electronic
devices. The detectors proposed here are based on single-crystal diamonds.
Two approaches have been attempted: the Single-crystal Diamond Detector
(SDD) and the Fission Diamond Detector (FDD).
First SDD tests were performed at ISIS using a thin (150 µm) diamond
and Time of Flight (tToF ) data acquisition. The tests demonstrated the SDD
potential for development of a small size beam monitor suitable for neutron
flux measurements with high spatial resolution. The measured tToF spectrum was consistent with the double pulse time pattern of the proton beam,
thus showing the good time resolution of our detection system. In order to
achieve not only the tToF information but also the pulse height spectrum,
i.e. the energy deposited in the diamond, a new data acquisition chain was
developed based on a commercial waveform digitizer. Further measurements
showed a correlation between the energy deposited in the detector and the
neutron tToF , suggesting that SDDs may be good candidates for fast neutron
spectroscopy at spallation sources. A FDD was also tested using the same
biparametric data acquisition. The FDD was made of a nat U foil as fissile
107
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target coupled to a 24 µm thin SDD. An FDD combines the fast neutron
response of carbon to the neutron-induced fission in natural uranium. Biparametric data collection was found to be essential for a correct separation
of events from 235 U, 238 U and from carbon break-up reactions.
The last stage in the SDD development within this thesis project was the
use of a more efficient SDD capable of high rate measurements. The high rate
SDD is based on a thicker (500 µm) commercial diamond coupled to a fast
preamplifier and 1 GHz digitizer. The system was optimized for speed but
had nevertheless enough energy resolution to separate events due to different
interaction processes in the diamond. Three characteristic regions in the
biparametric spectra were observed: i) low pulse height events with very
short time of flight induced by γ-rays; ii) low pulse height events at longer
flight times (i.e. neutron energies En >3.5-6 MeV), possibly due to neutron
elastic scattering off 12 C; iii) events with large pulse height and flight times
corresponding to En >6 MeV mainly due to inelastic reactions such as 12 C(n,
α)9 Be and 12 C(n,n’)3α. Inelastic processes are the ones for which the use
of SDD seems most promising. E.g. a rugged fast neutron counter can be
realized by using the present system with a pulse height threshold rejecting
events with deposited energy below, say, 10 MeV. For comparison the range
of deposited energies explored in this thesis reached about 100 MeV.
No attempt was made in this thesis to use the biparametric data for
quantitative spectroscopy. A prerequisite would be an assessment of the SDD
response to monoenergetic neutrons and, preferably, an improvement in its
energy resolution without sacrificing rate capability. Plans are underway to
perform measurements at the nTOF pulsed neutron source at CERN. nTOF
is short pulsed meaning that neutrons of high energies can be separated by
their time of flight; this is partly prevented at ISIS by the width of the
proton pulses (about 70 ns FWHM). By folding the monoenergetic response
measurements at nTOF with the proton pulse time structure of ISIS we shall
attempt to perform a quantitative analysis of biparametric spectra at ISIS.
The lower energy limit in the biparametric analysis is expected to lie close
to the threshold of inelastic n-C reactions, e.g. 5-6 MeV. This is adequate
for most applications of the ChipIr beamline. Use of diamond detectors for
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neutrons of lower energy may be possible using thinner SDD diamonds with
lower event rates and a more conventional electronics chain providing better
energy resolution. Alternatively the FDD approach may be a good way
forward. The FDD tests at ISIS have demonstrated the sensitivity of such
a detector to neutrons above 2 MeV. This could be of interest in relation
to tests of electronics devices such as DRAMs where the neutron energy
threshold for SEE can be as low as 1 MeV.
The FDD can also be used as beam monitors for neutrons emitted by
deuterium-deuterium fusion reactions. Their application is being considered
in the CNESM diagnostic system for the SPIDER facility, also developed in
this thesis.
The ITER neutral beam test facility under construction in Padova will
host two experimental devices: SPIDER, a 100 keV negative hydrogendeuterium beam, and MITICA, a full scale, 1 MeV deuterium beam. A
number of diagnostics will be deployed in the two facilities to qualify the
beams. The aim of this thesis was to provide the main elements for the
design of a neutron diagnostic for SPIDER, as a first step towards the application of this diagnostic technique to MITICA.
The proposed detection system is called CNESM which stands for Closecontact Neutron Emission Surface Mapping. CNESM will be placed right
behind the SPIDER beam dump, as close as possible to the neutron emitting surface. It shall provide the map of the neutron emission on the surface
of the beam dump. The latter is a rectangular panel made of water cooled
pipes used to stop the incoming beam. Although FDDs would be attractive detectors in this context due to their high radiation hardness and small
size, a more effective solution is to equip the CNESM diagnostic system
with nGEM neutron detectors. These are Gas Electron Multiplier detectors
equipped with a cathode that also serves as neutron-proton converter. The
nGEM is expected to provide the neutron emission map with a spatial resolution approaching the size of the footprint of the SPIDER beamlets. This
is achieved by using GEMs equipped with a cathode designed for detecting
neutrons with an energy higher than 2.2 MeV and with an incidence angle
smaller than 40o . This could be done by using an Al-CH2 cathode. The
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CNESM diagnostic system was designed on the basis of simulations of the
different steps leading to neutron emission, from deuterium implantation in
the beam dump to neutron detection within the nGEM. The simulations reported in this thesis show that the best resolution is achieved by using an
Al cathode thickness of about 50 µm. Simulations results were confirmed
by experiments performed using nGEM prototypes at a 2.5 MeV neutron
source. The experimental results are a good benchmark of the detector directional response obtained in the simulations. The final CNESM detector
system will comprise one or two nGEM detectors of active area 20×35 cm2 .
It is expected to be built in 2013 and take data in the following year. For the
interpretation of the CNESM measurements a more comprehensive detector
model simulation will be required. This will provide the basis for corrections
for scattered neutrons and other background radiation. It will also be used
in support of the unfolding analysis that we envisage will be needed in order
to infer the map of the deuterium beam power profile from the measured
neutron emission map.
CNESM on SPIDER is a first step towards the application of this diagnostic technique to the MITICA beam test facility, where it will be used to
resolve the horizontal profile of the beam intensity. In principle the same
detector geometry (and even the same detector system) could be used in
MITICA. However the interpretation of the data will be even more challenging due to the higher beam energy of MITICA (1 MeV) compared to SPIDER
(100 keV). At 1 MeV the DD fusion cross section is strongly anisotropic and
neutrons with energies up to 4 MeV are emitted. The MITICA beam dump
will be made of thin copper alloy pipes with an alternating geometry and
a tilt angle of as little as 6o relative to the beam direction. Also the large
temperature excursion in the copper may affect the deuterium concentration.
The analysis and simulations performed in this thesis provide the main elements from which a more comprehensive diagnostic model can be built in
support of the final MITICA detector design and later interpretation of the
CNESM measurements.
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ABSTRACT
The measurements of the so-called Single Event Effects (SEE) are becoming of great
importance to assess the robustness of integrated circuits featuring dimensions of tens of
nanometers. SEEs occur when a highly energetic particle (e.g. a neutron present in the
environment) causes a disruption of the correct operation of an electronic component by
striking its sensitive regions. Commercial-off-the-shelf devices are becoming popular in
mission- or safety-critical applications, since they satisfy the designers’ need for highperformance computing at moderate prices. However, to exploit such devices, fault-tolerant
design techniques must be employed, and extensive analyses are needed to qualify their
robustness. Experiments with atmospheric neutrons at different altitudes can be carried out but,
due to the low intensity, they require very long periods of data acquisition. Neutron sources
represent an opportunity due to the availability of high intensity fluxes which allow accelerated
irradiation experiments. Recent experiments performed at ISIS on the VESUVIO spectrmeter
to measure SEE rate in chips of different technologies demonstrated the suitability oft he ISIS
source for this kind of application. The PANAREA project aims at the design and construction
of a dedicated beam line for chip irradiation: the ChipIr instrument. A very important task for
ChipIr design is the development of suitable and effective neutron beam monitors capable of
locally measure the neutron fluence in the energy region above 1 MeV up to 800 MeV. In this
contribution we will present the first test results obtained with Bonner Spheres and Single
Crystal Diamond detectors.

1. Introduction
The growing availability of integrated circuits featuring minimum dimensions of the order
of tens of nanometers is affecting properties and design methodologies of digital systems.
These digital devices are more susceptible to random faults, known as Single Event Effects
(SEEs), which can occur when a highly energetic particle such as a neutron present in the
environment, causes a disruption of their correct operation by striking sensitive regions of
an electronic device [1]. SEEs have already been identified as a predominant threat to
aircraft safety [2] and the effects on electronic components from cosmic radiation is of
significant importance for the semiconductor industry [3]. Commercial off-the-shelf
devices are becoming popular in mission- or safety-critical applications since they satisfy
the designers’ need for high-performance computing at moderate prices. However, to
exploit such devices, fault-tolerant design techniques must be employed, and extensive
analyses are needed in order to qualify the robustness of the devices and systems.
Experiments with atmospheric neutrons at different altitudes can be carried out, but due to
low intensity, they require very long periods of data acquisition [4] In this context, neutron
sources represent an opportunity thanks to the availability of high intensity fluxes, which
allow accelerated irradiation experiments. Currently, semiconductor industries perform
irradiation tests, for example, at the Los Alamos Neutron Science Center [5] (LANSCE)
and TRIUMF [6] neutron sources. Recently, irradiation tests performed on the VESUVIO
beam line at ISIS-TS1, have assessed the effectiveness of the facility for this kind of
investigations. A new beam line, dedicated to chip irradiation is under construction on TS2
at ISIS and will benefit from the higher fluxes and from a properly designed moderator that
will provide a neutron beam closely resembling the atmospheric spectrum but with a flux
higher by almost seven order of magnitudes with respect to the atmospheric one. One
important aspect in SEE measurement is both the matching of the neutron spectrum with
the atmospheric one and the precise measurement of the neutron fluence onto an irradiated
chip for the calculation of the SEE cross sections, defined as the ratio of the number of
observed SEEs in a test to the neutron fluence. The spectrum of the neutrons may be
measured in different detection systems, such as fission chambers [7], activation targets [8]
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or Bonner Spheres Spectrometers (BSS) [9]. These devices give a spatially integrated
information due to their dimensions, typically of several tens of cm2, that prevent to
perform localised (mm2) measurements. While spectral uniformity of a neutron beam could
be a reasonable assumption, the intensity uniformity may not, so that the intensity within
the beam spot at the irradiation distance from the moderator may show a spatial variation.
Moreover in case of multiboards irradiation, the intensity along the beam may differ due to
scattering and/or absorption. Thus, a key issue to be addressed is the development of
∼mm2-size fast neutron flux monitors, capable of being embedded close to the irradiated
chip. In this contribution we report a few test results obtained on the VESUVIO beam line
at the ISIS-TS1with Bonner Spheres and Single Crystal Diamond detectors [10-12].

2. Experiment
The tests with Bonner Spheres and the Single Crystal Diamond detector were performed
on the VESUVIO instrument at the ISIS spallation neutron source (Didcot, U.K.).
VESUVIO is a neutron spectrometer, with a primary flight path of 11.05 m, facing a 300 K
liquid water moderator. The ISIS proton bunch extracted from the synchrotron is
characterized by a double pulse 60-80 ns Full Width Half Maximum, separated by about
300 ns. The neutron spectrum from the moderator has a peak in the themal energy region
and a Eβ (-1< β ≤ -0.9)-dependence in the epithermal neutrons region. The BSS is currently
the most used, mature and validated technique for neutron dosimetry and spectrometry in
complex neutron fields with energy distribution ranging from thermal up to hundreds MeV
[13]. The BSS has been used around high-energy particle accelerators [14-17], on high
altitude mountains [18] and at flight altitude [19]. Firstly used by Bramblett et al. [14], the
BSS has been widely applied for almost 50 years in the field of neutron dosimetry and
spectrometry, due to the wide energy range covered, the possibility to choose among
different active or passive thermal neutron sensors according to the characteristics of the
field to be measured (intensity, time structure, amount of photons), the isotropy of the
response and the easy operation. The BSS relies on a thermal neutron detector placed at the
center of a moderating sphere of variable diameter (2”- 15”). The central detector counts
neutrons that are moderated and thermalized in the sphere. The neutron moderation process
within a BS is mainly due to H(n,n)H and C(n,n)C elastic scattering, at energies below 4
MeV. At higher energies, the threshold reactions C(n,n’3γ (threshold ~ 5 MeV), C(n, α (7
MeV), C(n,n’3 ) (8 MeV), C(n,p) (15 MeV), C(n,n’p) (15.5 MeV), C(n,p) (18 MeV)
become important [20]. A set of five-six well chosen spheres of pure polyethylene with
diameters from 2” to 12” is sufficient to determine neutron spectra from thermal up to 20
MeV. To extend the upper limit up to 102-103 MeV, additional spheres with metallic
inserts (Fe, Cu, W, Pb) are needed [18]. At energy > 20 MeV these metals act as (n,xn)
radiators and energy shifters, making the detection of the high-energy neutrons possible.
Figure 1 reports a picture of the spheres with metallic inserts.
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Figure 1. Bonner spheres with metallic inserts.

The BSS exposures on VESUVIO took place on 9 – 10 May 2008. The proton current
ranged between 170 µA and 190 µA. Each sphere was exposed for about 20 minutes. The
Dy activation foils were counted and their saturation specific activity, ranging from 103 to
105 Bq·g-1, was normalized to the proton current, obtaining a suitable set of input data for
the unfolding code FRUIT ver 3.0 [21]. The the energy distribution of the neutron fluence
rate is shown in Figure 2. As expected, the thermal component is dominating. The slope of
the epithermal component is α=0.94, in agreement with previous determinations. The
evaporation peak is located at about 0.8 MeV. In addition, a very small high-energy peak
(less than 1% in terms of fluence) is present at about 100 MeV. The uncertainty of the total
fluence value (about ±5%) includes the uncertainty of the spectrometer calibration (about
±4%, mainly due to the uncertainty of the 152Eu calibration source) and the unfolding
uncertainties (about ±3%). The latter comes from the propagation of the uncertainties on
the input data (counting + response matrix uncertainties) over the unfolding procedure.

Figure 2: Energy distribution measurement of the neutron fluence rate on VESUVIO normalized to 180 µA
proton current (red continuous line), and MCNPX calculation (black dotted line) [9].
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The measurements with the diamond detector were done by collecting neutron time
of flight spectra (TOF) using a fast (1 ns response time) preamplifier of DBA III type and
recording spectra with a fast digital scope from Textronix (2.5 GHz band width and 50
GHz sampling rate). Figure 3 shows the neutron TOF spectrum recorded with the diamond
placed at a distance of 11.4 m from the moderator, for a integrated proton current of 2100
µAh.

Figure 3: Neutron time of flight spectrum recorded by a single crystal diamond (70 µm thickness) placed
into the direct VESUVIO neutron beam at a distance of 11.4 m from the 300 K water moderator

A double structure spectrum can be oserved featuring a time gap of about 320 ns that
reflects the time structure of the ISIS proton pulse. Each structure of the spectrum has a
Full Width at Half Maximum of about 210 ns. Moreover, two time distributions can be
observed within each structure of the spectrum with peaks at t 62 ns and 161 ns, the other
two being found with about 320 ns delay. A reasonable interpretation could be that the first
time distribution peaked at 61 ns and 380 ns are neutrons above 30-40 MeV, while the
region around the peaks at 161 ns and 480 ns are neutrons below that energy. This is an
effect due to the convolution of the neutron spectrum and n-12C cross section (mostly the
inelastic one) shape. In order to have more precise information about the neutron energy
measured by the diamond, biparametric (TOF vs Pulse Height) are going to be analyzed
that were collected on the Rotax beam line at ISIS with different electronics set up.

3. Conclusions
An R&D activity is ongoing related to the design of the ChipIr beam line, the ISIS
dedicated instrument for chip irradiation. In order to assess the robustness of an electrnic
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device to Single Event Effects, the fluence onto the irradiated chip is to be determined
(assuming an atmospheric like neutron spectrum), preferably close to the irradiation area.
Two different detection technique have been reported: 1) the Bonner Sphere spectrometer
technique, that makes use of moderator-based detectors capable to extend neutron fluence
measurements up to 800 MeV. A comparison with MCNPX simulations provides an
assessment of the potential of this technique to characterize the beam line neutron field.
The test results obtained on VESUVIO using a single crystal diamond of 70 µm thickness
connected to a fast preamplifer allow for an identification ad separation of the contributios
of neutrons generated in the double bunch structure provided by the ISIS synchrotron.
Despite explorative, these tests clearly show that the single crystal diamonds can be used to
assess the spatial uniformity of a neutron beam on the scale of a few mm2 (4-5 mm2), a key
feature in multiboards test on the ChipIr beam line. In the near future, the analysis of the
biparametric data collected on the Rotax beam line and the investigation of the response
function o the diamond detectors under irradiation of almost monochromatic neutrons will
open the way to the use of these devices as fluence and spectrum monitors as well.
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Abstract – A fast-neutron detector for time-resolved beam measurements at spallation neutron
sources is presented. The device features a p-type/intrinsic/metal Schottky barrier structure
where the active (intrinsic) detection layer is a 150 µm thick single-crystal diamond obtained by
chemical-vapour deposition. Coupling to fast front-end electronics preserves the excellent timing
properties of the device as demonstrated in tests performed at the ISIS spallation neutron source
in UK. The device represents a novel approach in the field of pulsed fast-neutrons spectroscopic
techniques. It will find immediate application in localized (mm resolution) fast-neutron fluence
measurements required by neutron irradiation experiments at ISIS also envisaging its use for
spectrum measurements.
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Single-Events Effects (SEE) are a concern in areas ranging from avionics to automotive, medical and information
technology [1]. SEEs occur when a high-energy neutron
(say En > 1 MeV) strikes the sensitive region of an
electronic chip, disrupting its correct operation [2–4]. The
sensitivity of a chip to SEE is measured by the so-called
SEE cross-section, i.e. the ratio of the number of SEEs of
a given type (e.g. Single and/or Multiple Bit Upset) to the
neutron fluence onto the chip. Pioneering SEE measurements were done using atmospheric neutrons and several
months of data recording due to the low intensity [5,6].
Spallation neutron sources provide a neutron spectrum
that resembles the atmospheric spectrum but with
enhanced intensities (by a factor ≈ 105 –106 ), allowing for
accelerated testing. Recently a chip irradiation program
was launched at the ISIS spallation neutron source [4,7]
that will lead to the construction of a dedicated beamline.
(a) E-mail:

antonino.pietropaolo@roma2.infn.it

Detectors providing intensity and energy spectrum with
mm spatial resolution are required to monitor the neutron
irradiation at the chip. In this letter we report the first
results achieved with a Single-crystal Diamond Detector
(SDD) specifically developed for use at a pulsed spallation
neutron source. This represents a potential novel approach
in the field of fast-neutron detection techniques at these
facilities that typically are characterised by the use of
large-area (i.e. several cm2 ) detectors [8]. Diamond is an
ideal detector material for the application at hand. Its
radiation hardness, low voltage and room temperature
operation make it practical in a neutron environment [9].
It is essentially insensitive to γ-rays and visible light, while
featuring a relatively large neutron cross-section above
≈ 6 MeV [10].
The diamonds used in these measurements are
grown as small-size single crystals (few mm2 effective
area and sub-mm thickness) by microwave chemicalvapour deposition [11–13]. The SDD structure acts as a
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p-type/intrinsic/metal Schottky barrier diode. Provided
the diamond quality is sufficiently good to minimize
recombination and trapping, the effective charge carrier
lifetime (τ ) is longer than the charge drift time τdrift
across the detector given by


D
µ0 ED
1+
.
(1)
τdrift =
µ0 ED
vsat
Here D is the depletion layer depth, µ0 is the
electron mobility and vsat is the saturation velocity. Considering that the detector operates in full
depletion mode and using the values D = 150 µm,
µ0 = 2200 cm2 V−1 s−1 , ED = 104 V m−1 (drift field) and
vsat = 1.35 · 107 cm s−1 [14], eq. (1) gives τdrift ≈ 1.5 ns.
This short time allows for the use of fast front-end
electronics to achieve ns time resolution. For the present
measurements a DBA-III (Diamond Broadband Amplifier) was used with response time τ = 1 ns [15], coupled to
a digital scope (2.3 GHz bandwidth and 50 GHz sampling
rate). The timing properties of SDD + DBA III (≈ 2.5 ns
FWHM and < 1 ns rise time pulses) are quite satisfactory for accurate time-of-flight measurements (ToF) of
fast neutrons over flight path lengths >10 m typical of
beamlines at ISIS.
The SDD response to fast neutrons is due to neutron
interactions in the diamond resulting in the production of
charged particles (e.g. α-particles). In the neutron energy
range up to 20 MeV the main reactions are 12 C(n,α)9 Be
and 12 C(n, n)3α [9], featuring cross-section values up to a
few hundred mb above the threshold energy of 5.71 MeV
(fig. 1(a)). The event rate upon detector irradiation with
neutrons depends on the local neutron intensity and spectrum. The neutron spectrum available at existing ISIS
beamlines is somewhat softer [8] than the atmospheric
one, i.e. with a weaker relative intensity in the energy
range above 100 MeV. This does not prevent the demonstration of the SDD potential for neutron ToF measurements. To this end the SDD was placed in the ROTAX test
beamline at ISIS and exposed to a neutron beam from a
solid (T = 95 K) methane moderator at a flight distance
of 15.5 m from the main detection position. The neutron
spectrum from the moderator is known to fall off roughly
as ≈ 1/En for En > 1 MeV. A second moderator (12 cm
water + 6 cm polyethylene slabs) was inserted along the
beamline to provide a different neutron energy spectrum
at a second detection position located at a flight distance
of 16.0 m. The moderator thickness was chosen to attenuate significantly the neutron spectrum below 10 MeV
according to attenuation length estimates confirmed by
MCNPX simulations [16]. ToF data collected with the
SDD at both detection positions are shown in fig. 2(a).
All times are relative to the time when the protons hit
the ISIS target; e.g. the photon flight time is about 50 ns
at the two measurement positions. The absence of events
at the photon ToF shows the insensitivity of the device
to γ-rays from target, an important feature for a reliable
neutron detector. The ToF spectrum features a double

Fig. 1: (a) Cross-section values for the reactions 12 C(n,α) and
C(n, n)3α in the neutron energy range up to 20 MeV. Data
from ref. [9]. (b) Neutron spectra before (solid line) and after
(dashed line) the moderator simulated with the MCNPX code.
12

hump shape, due to the ISIS proton beam time structure (fig. 2(b)): two bunches 324 ns apart and 68 ns wide
(FWHM), which may be somehow underestimated since
it is derived from a beam monitor in the extracted proton
beam leading to the target.
Our detector should be able to measure the additional
time spread in the neutron ToF spectrum, relative to
the intrinsic proton time spread. The SDD data are
indeed broader, each hump having a FWHM of about
200 ns at the first detection position and 110 ns at the
second position. The two humps are well separated which
is due to the insensitivity of the detector to neutrons
with En < 6 MeV (i.e. ToF values above ∼450 ns). The
second moderator is seen to have the expected effect
on the neutron ToF: the spectrum is almost unaffected
up to 250 ns corresponding to En ≈ 20 MeV. At longer
flight times substantial neutron attenuation is observed.
A quantitative analysis of the spectra collected at the
two positions is beyond the scope of the present work. It
would require an accurate knowledge of the proton time
spectrum of fig. 2(b) which is an accelerator property still
under investigation.
The MCNPX code was used to generate a neutron
energy spectrum at the two detection positions as shown in
fig. 1(b). The resulting ToF spectra can be reconstructed
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Fig. 3: Time-of-flight spectra measured before (thick histogram
line) and after (thin histogram line) the 18 cm thick water +
plastic moderator used in the measurements: in order to
enhance statistics the two bunches of fig. 2(a) were added up.
The continuous lines represent simulated ToF spectra where
use was made of the data in fig. 1. The dashed line shows
the effect of a 3 MeV pulse height threshold applied to the
simulation before the moderator.

Fig. 2: (a) ToF spectra measured with the SDD at the two
detection positions before (thick line) and after (thin line)
the moderator described in the text. The data are normalized
to the integrated proton current of the two runs which was
Ip = 1761 µAh and Ip = 3598 µAh. for the thick- and thin-line
spectra, respectively. Statistical error bars are shown. (b) Time
structure of the ISIS proton beam measured with a plastic
scintillator placed in the proton beam.

from the cross-sections and neutron fluxes up to 20 MeV
(fig. 1), and the energy-ToF Jacobian transformation function. Convolution with a Gaussian function with 68 ns
FWHM was also applied to simulate the proton bunch
broadening. In fig. 3 the experimental (histogram lines)
and simulated (full lines) ToF spectra are shown for the
two positions (thick and thin lines, respectively). The relative amplitudes coming out of the MCNPX simulations
were not adjusted. The slight overestimation of the lowenergy part of the spectrum measured in the first position
can be accounted for by a pulse height acquisition threshold effect. Although the precise values threshold settings
were not recorded in this experiment, the dashed line
in fig. 3 shows the effect of a 3 MeV threshold (actually
used in previous experiments), resulting in a ≈ 25 ns shift
of the spectrum which improves the agreement between
simulated and measured ToF spectra at long flight times.
The agreement is not perfect but is satisfactory for the
purposes of the present investigation. It suggests that the
main features of the SDD response are understood in sufficient detail.

The SDD represents a novel approach in the field
of fast pulsed neutrons spectroscopic techniques. It has
the potential for providing localized neutron fluence and,
possibly, neutron energy spectrum measurements at the
ISIS pulsed neutron source. The SDD timing properties
are quite adequate for neutron time-of-flight measurements. The SDD compact size makes it a promising detector for localized neutron beam monitoring on the mm
scale, as required by chip irradiation experiments.
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A compact device for monitoring of fast neutron fluxes is presented. The device is based on single crystal
diamond obtained by the Chemical Vapor Deposition technique coupled to a uranium converter foil where neutron
interaction results in emission of charged particles detected inside the diamond. Thermal and fast neutrons are
detected using natural uranium containing both 235 U and 238 U. Biparametric (pulse height and time of flight)
data collection was used at the ISIS pulsed neutron source to distinguish events from 235 U, 238 U and from carbon
break-up reactions inside the diamond.

The interaction of high energy cosmic rays with
the earth’s atmosphere generates a flux of secondary particles including high energy neutrons
[1]. Single Event Upsets (SEU) can occur when a
high energy neutron, interacting in the sensitive
region of an electronic device, disrupts its correct operation [2]. Spallation neutron sources can
provide a neutron energy spectrum similar to the
atmosferic one, with much higher fluxes for accelerated neutron testing. A new beamline named
CHIPIR for SEU studies will be constructed at
the ISIS spallation neutron source [3] where experience on neutron irradiation testing is growing [4,5] and new concepts for fast neutron beam
monitors are being tested [6]. One line of devel∗ This work was supported within the CNR-CCLRC
Agreement No.01/9001 concerning collaboration in scientific research at the spallation neutron source ISIS. The
financial support of the Consiglio Nazionale delle Ricerche
in this research is hereby acknowledged.

0920-5632/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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opment is the monitoring of the neutron flux on
the electronic board or chip which requires compact detectors. Diamond detectors are suitable
candidates [7]. They are normally used as Singlecrystal Diamond Detectors [8] in which case neutron detection takes place via carbon break-up reactions in the diamond itself. In this paper a composite detector called Fission Diamond Detector
(FDD) is presented where a thin (25 µm thick and
4 mm2 ) natural uranium foil is placed in front of
a diamond detector grown by microwave-assisted
chemical vapour deposition [9,10]. Heavy fragments from neutron induced fission in uranium
deposit a large amount of energy (tens of MeV)
in the diamond. Fission events are thus recorded
together with intrinsic events due to 12 C(n,α)9 Be
and 12 C(n,3α)n and 12 C(n,n)12 C reactions in the
diamond. Fission events due to fast neutrons can
be separated from other detection events, making
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the FDD a candidate fast neutron flux monitor in
CHIPIR.
The neutron production at ISIS relies upon
spallation reactions induced by 800-MeV proton bunches accelerated through a synchrotron
[11]. Protons are extracted into two bunches
(about 320 ns apart) and delivered to a TungstenTantalum target. The estraction frequency is either 10 or 50 Hz and the time-average current
is about 200 µA/h. The ROTAX beamline used
in the present tests, has a methane moderator at
95 K providing a fast neutron spectrum scaling
roughly as 1/En . The FDD was placed at a distance of 15.5 m from the moderator and the diamond bias voltage was 30 V. The natural uranium
foil was placed in front of the aluminum contact
at a distance of 2 mm leaving a small air gap to
ensure insulation without preventing fission fragments from reaching the diamond volume.
The electronic signal chain consisted of a custom made charge preamplifier (integration time of
500 ns), a Timing Filter Amplifier and a N1728
CAEN Waveform Digitizer [12]. Data were collected in biparametric mode, where pulse height
and time of each detection event are stored. The
CAEN firmware implements a trapezoidal filter
[13] to determine the pulse height. Neutron time
of flight is determined off line with reference to a
proton pulse logic signal which is also stored at
every ISIS pulse.
Data were collected for 24 hours, for an integrated
proton current of 3578 µA/h.
The data recorded by the FDD detector are
shown in figure 1 as a scatter plot. On the vertical
axis the pulse height is shown in terms of Ed ,
the equivalent energy deposited in the detector.
On the horizontal axis the time of flight, tToF , is
plotted.
The recorded events can be divided in three
areas as shown in the diagram.
i. Flight times in excess of 1500 ns are associated with neutrons well below the U238
fission threshold. These events are due to
235
U fission or to α-particles from uranium
decay.
ii. Events with Ed >20 MeV and tToF <1500 ns
must be associated with heavy fission frag-

Figure 1. Biparametric (pulse height Ed and time
of flight tToF ) scatter plot of data recorded with the
FDD detector in the ROTAX neutron beam line at
ISIS.
ments from the uranium foil since deposited
energies Ed >20 MeV are not observed when
the uranium foil is removed from the FDD
[8]. The contribution of 235 U fission is comparatively low and can be estimated from
the event rate measured above 1500 ns; it
is thus reasonable to assume that 238 U fission by fast neutrons is responsible for the
events with Ed >20 MeV and tToF <1500 ns.
iii. At deposited energies Ed <20 MeV and
flight times tToF <800 ns the dominant reaction mechanism is carbon break-up in diamond, see [8].
The ToF spectrum derived from the data of
figure 1 with Ed >20 MeV is shown in figure 2.
The TOF spectral shape is significantly different from the one obtained integrating events of
Ed <20 MeV [8]. This is due to the dominant contribution of neutrons in the energy range 1 MeV-5
MeV which are detected through the induced fission reactions in 238 U since they are below the
threshold for reactions with 12 C. In order to understand the spectrum in more detail a model
calculation can be made. For a pulsed neutron
source where all neutrons leave the moderator simultaneously the number of recorded events per
unit tToF can be written as:
dE
N (tToF ) = K · σ(E) · φ(E) ·
(1)
dtToF
where K is a proportionality constant, σ is the
238
U fission cross section, φ is the neutron flux
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height and time of flight) data collection is essential for a correct separation of events from 235 U,
238
U and from carbon break-up reactions inside
the diamond. The FDD is also sensitive to thermal neutrons, a feature that could also find application in accelerated neutron testing of electronic
devices.
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Figure 2. ToF spectrum derived from the data of
figure 1 with Ed >20 MeV. Also shown is a simulated
tToF spectrum (see text). The error bars are statistical.
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Abstract. A fast neutron detection system suitable for high rate measurements is presented. The
detector is based on a commercial high purity single crystal diamond (SDD) coupled to a fast
digital data acquisition system. The detector was tested at the ISIS pulsed spallation neutron
source. The SDD event signal was digitized at 1 GHz to reconstruct the deposited energy (pulse
amplitude) and neutron arrival time; the event time of flight (ToF) was obtained relative to the
recorded proton beam signal t0. Fast acquisition is needed since the peak count rate is very high
(∼800 kHz) due to the pulsed structure of the neutron beam. Measurements at ISIS indicate that
three characteristics regions exist in the biparametric spectrum: i) background gamma events of
low pulse amplitudes; ii) low pulse amplitude neutron events in the energy range Edep = 1.5-7
MeV ascribed to neutron elastic scattering on 12C; iii) large pulse amplitude neutron events with
En > 7 MeV ascribed to 12C(n,α)9Be and 12C(n,n’)3α.
Keywords: Fast diamond neutron detector, digitized pulse amplitude and ToF measurements,
high-energy neutron beam monitor, neutron-gamma energy discrimination.
PACS: 28.50.Dr; 29.27.Fh; 29.30.Hs; 29.40.Wk; 81.05.ug.

INTRODUCTION
High-energy neutron beams can be use to induce and control the neutron chain
reaction in sub-critical fission reactor assembly [1]. The neutron beam has to feature
energies > 10 MeV to exploit the neutron fission cross sections of the fuel isotopes
and of the fission products. Monitoring the incoming neutron beam is a key factor to
control and optimize the fission process as it is in more general neutron beam-target
experiments.
Another application where the neutron beam fluence and energy need to be
monitored is the irradiation of electronic microchips for accelerated experiments on
neutron induced single event effects (SEE) [2]. To this aim a new irradiation beam line
with neutron energies up to En ≈ 800 MeV is being built at the ISIS spallation neutron
source [3]. The microchip dimensions call for small size fast neutron flux monitors
such as a single crystal diamond detector (SDD) recently tested on the ROTAX beam

line at the ISIS facility (UK) [4]. The paper reports on the results of the measurement
campaign.

EXPERIMENTAL
At ISIS, neutrons are produced by a double bunch structured proton beam of 800
MeV and ≈ 200 µA average current on a Ta-W target delivering about 30 neutrons /
proton at 50 Hz repetition frequency. The two proton bunches are ≈ 70 ns wide and
≈ 320 ns apart. The SDD was placed in the direct beam at a distance of 14.2 m from
the 95 K methane moderator. The neutron energy (En) spectrum features a ∼10 meV
peak and a 1/En tail in the fast neutron region, resembling the atmospheric neutron flux
produced by cosmic rays [5][6]. A beam chopper was used along the beam line to
remove the low energy component of the neutron beam. The neutron induced SDD
signals are mainly due to neutron elastic scattering and to neutron capture reactions
12
C(n,α)9Be and 12C(n,n)3α depending on En [7]. The capture reactions occur for
neutron energies En > 7 MeV. Only the 12C(n,α)9Be reaction allows for the full
neutron energy deposition within SDD.
The SDD detector is a commercial chemical vapor deposition high purity single
crystal diamond (4.6⋅4.6 mm2 surface and 0.5 mm thickness, Au electrodes) purchased
from Diamond Detectors Ltd. [8]. It is connected through a fast preamplifier DBAIII
[9] to a multi-channel fast digitizer CAEN DT5751 [10]. The preamplifier output
pulses feature rise time < 1 ns and FWHM ≈ 2.5 ns. The fast digitizer is USBconnected to a computer and has communication software for settings the acquisition
parameters and for data storage. The voltage bias applied in these experiments was
Vbias = +400 V. The noise level was ≈ ±6 mV and the signal offset was ≈ +30 mV. The
CAEN module was used to record the SDD signal. The proton beam signal from the
accelerator was recorded in a separate channel. Each signal was sampled at 1 GHz as a
6 µs long waveform. The maximum signal peak amplitude is 1 V. The SDD waveform
usually contains more than one useful detection event. A Python script [11] was
developed in order to analyze the signals of the SDD waveform. The waveforms were
corrected for offset; for all pulses exceeding the 30 mV threshold the time of flight
(tToF), peak height, and pulse amplitude QT (i.e., the signal area) were determined. The
tToF is calculated as difference between the time of the individual signal peak in the
SDD waveform and the time of the corresponding proton beam signal. The event
deposited energy Edep is obtained from the pulse amplitude QT. Observations on the
biparametric (tToF, Edep) spectrum were performed over a period of about 8 days.

DETECTOR STABILITY
The radiation interacting with the SDD gives rise to electrons and holes, which
follow the electric field lines of intensity Vbias / d (d being the thickness of the SDD
depletion layer), and build up the signal at the electrodes. In a SDD, the electrons
generate the signal while reaching the anode at Vbias = +400 V. The radiation also
gives rise to displacements in the SDD crystal that traps the charge. This induces a

local electric field opposite to the one due to Vbias, i.e., the polarization of the diamond.
To re-establish the performance, it is necessary to switch the Vbias off [12].
The measurement results presented here concern two data sets relative to two
acquisitions of 17 h and 94 h. Vbias was switched on immediately before the two
acquisitions started. FIGURE 1 shows the ISIS proton beam current Ip (left hand axis)
and the SDD counts (right axis) due to signals with peak height exceeding 150 mV.

FIGURE 1. ISIS proton beam current Ip (left hand axis) and SDD counts with peak height > 150 mV
(right hand axis). Two acquisition periods of 17 h and 94 h are shown on the top together with the two
time intervals TI and TII considered for this study. Each SDD time bin is 3 minute long.

The ISIS proton beam current fluctuations are due to discontinuities in the
accelerator operational conditions. The SDD counts decrease with time in the first few
hours of operations and are nearly stable afterwards. A possible interpretation of the
results would be that, after an initial reduction in sensitivity, the polarization does not
affect the SDD performance. However, pulse amplitude and ToF spectra do not
feature significant changes associated to the irradiation history (FIGURE 2). This
suggests that the observed rate changes may be due to other causes than polarization
effects that are presently not understood. Since an irradiation-dependent rate would be
an undesirable feature of a beam monitor it will be further investigated in the near
future.

FIGURE 2. Comparison of the normalized pulse amplitude distributions QT (a) and of the
tToF spectra (b) at T = 1.1 h and at T = 67.2 h.

BIPARAMETRIC ANALYSIS
FIGURE 3(a) shows the biparametric (tToF, Edep) spectrum obtained by adding the
data of the two acquisitions periods TI and TII shown in FIGURE 1 for a total of 114 h.
The radiation from a thin foil of natural uranium placed on the detector provided a
means to calibrate the energy deposited in the SDD [13][14][15].

FIGURE 3. Biparametric (tToF, Edep) contour plot for the 114 h long measurement at the ROTAX
beam line (a). The total number of events is 9.1⋅107. (b) same as (a) but with a different grey scale
showing the events with high deposited energy.

Different regions are visible in the biparametric spectrum. The peaks at tToF ≈ 50 ns
and tToF ≈ 370 ns and Edep ≈ 1.8 MeV are interpreted as due to γ rays from the
target/moderator assembly. The remaining events are mostly due to elastic and
inelastic neutron collisions/reactions with Carbon. Elastic collisions are the main
contribution at low deposited energies including the peaks with tToF ≈ 550 ns and tToF ≈
870 ns and Edep ≈ 1 MeV which is associated with the elastic cross section peak at En ≈
3.5 MeV (see FIGURE 4).

FIGURE 4. Cross section values for neutron elastic scattering on Carbon [7].

The neutron events with tToF > 1000 ns involve multiple scattering along the beam
line collimator before reaching SDD or they are events related to the activation of the
detector itself. FIGURE 5 shows the projections of the data in FIGURE 3(a) along the
tToF (a) and Edep (b) axes. In FIGURE 5(a), the double peaks due to prompt γ’s (≈ 70 ns
wide) and 3.5 MeV neutrons are clearly recognizable. The log scale energy
distribution of the events displayed in FIGURE 5(b) shows events with energy
deposition Edep up to 60 MeV. Most of the events have Edep < 4 MeV.

FIGURE 5. tToF (a) and Edep (b, in log scale) spectra obtained as projection of the
biparametric (tToF, Edep) spectrum of FIGURE 3(a).

CONCLUSIONS
The SDD performance was tested at the ROTAX beam line of the ISIS spallation
neutron source. SDD proved capable of detailed measurements of the time structure
and energy of the incoming radiation beam. New SDD tests with a mixed (239Pu,
241
Am, 244Cm) α source in vacuum and new calculations will be performed to verify
these results [13][14][16][17]. New SDD tests are also planned at the VESUVIO beam
line at ISIS [18]. The spectroscopic capabilities of the SDD make it an interesting
choice as a detector system for neutron experiments where high rate capability is
required.
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A neutron diagnostic for high current deuterium beams is proposed for installation on the SPIDER test beam facility.
The proposed detection system is called Close-contact Neutron Emission Surface Mapping (CNESM). The diagnostic
aims at providing the map of the neutron emission on the beam dump surface by placing a detector in close contact,
right behind the dump. CNESM uses Gas Electron Multiplier detectors equipped with a cathode that also serves as
neutron-proton converter foil. The cathode is made of a thin polythene film and an aluminium film; it is designed for
detection of neutrons of energy > 2.2 MeV with an incidence angle < 45°. CNESM was designed on the basis of
simulations of the different steps from the deuteron beam interaction with the beam dump to the neutron detection in
the nGEM. Neutron scattering was simulated with the MCNPX code. CNESM on SPIDER is a first step towards the
application of this diagnostic technique to the MITICA beam test facility, where it will be used to resolve the
horizontal profile of the beam intensity.

I.

INTRODUCTION
II. CNESM principle

SPIDER [1, 2] is a beam test facility to be hosted at the
Consorzio RFX site in Padua, Italy, as a first step towards
the full scale demonstration of the feasibility of the
deuterium beam injectors for the ITER fusion experiment
[3]. The main goal of the prototype RF negative ion source
SPIDER is to demonstrate the capability of producing a
one hour long D¯ beam pulse at the current level required
by ITER but with a reduced beam energy of up to 100
keV. The 100 keV deuterons will collide against a target
(the beam dump) tilted by 30° relative to the beam axis
(Figure 1). The SPIDER facility is made of beamlets in a
matrix arrangement; the spacing between beamlets at the
dump surface is 40x22 mm2 and also their footprint is of a
similar size. The total beam current of 40 A is spread out
over a surface of 1 m2 for a reference average current
density of 40 A/m2 and deuterium flux of 2.5×1020 D/m2s.
The beam dump is a rectangular panel made of CuCrZralloy water-cooled hypervapotrons with an elemental
composition of about 99% Cu. The neutron production due
to fusion reactions between beam deuterons and deuterons
adsorbed in the dump will be a few times 1015 neutrons per
SPIDER pulse. The neutron source intensity is suitable for
diagnostic applications. Here a neutron diagnostic is
proposed that is designed to provide the map of the beam
intensity with a spatial resolution approaching the size of
individual beamlets.
a)
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The proposed detection system is called Close-contact
Neutron Emission Surface Mapping (CNESM). It is placed
right behind the beam dump (Figure 1), as close as
possible to the neutron emitting surface.

Figure 1: Schematics of the SPIDER beam dump. The beam dump is
tilted by 30° relative to the beam axis. The CNESM detectors (black) are
placed right behind the beam dump.

The distance between the detection surface and the
emitting surface can be as short as d = 30 mm; this is
crucial in order to provide the map of neutron emission on
the beam dump surface with good spatial resolution. The
CNESM diagnostics uses nGEM as neutron detectors [4].

These are flat Gas Electron Multiplier (GEM) detectors
equipped with a cathode that also serves as neutron-proton
converter foil. Each nGEM detector maps the neutron
emission from a group of 5x16 beamlets: populating the
total beam dump surface would require 16 nGEM detector
units. The system is modular meaning that any number of
nGEM detectors can be installed. Since the GEM detectors
operate at room pressure, they are placed inside a steel
containment box connected to the off-vacuum environment
outside of the SPIDER vacuum vessel by one pipe
containing the electrical cables and the gas pipelets feeding
the Ar/CO2 gas mixture into the nGEM detector. The
principle of operation of the nGEM cathode is shown in
Figure 2. Incoming neutrons have an energy En between
2.45 and 2.85 MeV, depending on the emission angle.
They are converted into protons by elastic recoil in a thin
polythene (CH2) film. Protons leaving the CH2 film with
enough energy can cross the Al foil and reach the gas. The
gas layer is also thin (few mm) compared to the proton
range meaning that only a fraction of the proton energy is
deposited in the gas and detected.

Figure 2 Illustration of how the Al cathode thickness can be used to
suppress detection of neutrons with oblique incidence. Neutrons are
converted into protons in the polyethylene foil (black). Only one of the
four protons in the figure crosses the Al foil (grey) and produces a
discharge in the GEM gas.

Since the planar neutron source to be mapped is at some
distance from the detection surface, better spatial
resolution is achieved if the trajectory of the detected
neutrons is not too far from being perpendicular to the
cathode surface. Figure 2 illustrates how this is achieved
by suitable choice of the Al foil thickness: the 50 µm thick
Al foil stops all protons with a recoil angle θp> 45° and/or
with a recoil energy Ep<2.2 MeV. Note that the proton
recoil energy is Ep=Encosθ p, where θp is the proton recoil
angle. This directional response of the nGEM cathode to
neutrons is beneficial also for rejecting neutrons reaching
the cathode after scattering off the beam dump structure
(see below).
The GEM read-out is a simple printed circuit board (PCB):
the structure of the readout can be easily adapted to
experimental needs, using strips or pads of arbitrary shapes
connected to the front-end electronics. The induced signal
is fast ( 10 ns) because it is due to the motion of the
electrons in the GEM gas. The maximum effective gain
reachable with a single-GEM detector is of the order of
103. Higher gas gain, up to 104 - 105, can be achieved
assembling more than one GEM foil in cascade at close
distance to each other. By increasing the effective gain,
GEM detectors can be set to detect lower energy particles

or photons. In general for photons a higher gain (104) is
required in order to improve the signal/noise ratio.
Moreover, the use of a triple GEM allows for splitting of
the applied potential, thus reducing the probability of
unwanted discharges in the detector. The readout pads will
be arranged so as to have two pads (area 20x22 mm2) per
beamlet footprint, for a total of 160 readout channels.
Cost-effective readout electronics is available and can
indeed manage hundreds of readout channels.
III. MODEL SIMULATIONS
CNESM was designed on the basis of simulations of the
different steps, from the deuteron beam interaction with
the beam dump to the neutron detection in the nGEM.
Deuterium beam interaction was simulated using the
TRansport of Ion in Matter (TRIM) program [5]: the
trajectories of 106 deuterium ions with an initial energy
E0=100 keV and incidence angle equal to 60° relative to
the normal to the CuZrZr-alloy target have been simulated.
At least 95% of the deuterons penetrate (by up to 0.8 µm)
in the beam dump and can contribute to the neutron
emission. The TRIM result was used to determine i) the
average deuterium energy and ii) the deuteron deposition
rate as function of penetration depth. The latter was used to
calculate the (time dependent) deuterium concentration
using a so-called Local Mixing Model [6] whereby
deuteron migration in the copper alloy is neglected and a
local saturation value of 20% [7] is assumed for the
deuteron concentration.
The neutron emissivity as a function of penetration depth
was then evaluated as y=ΦσnD, where Φ is the deuterium
flux, σ is the energy-dependent D(d,n)3He fusion cross
section and nD the implanted deuterium density. A more
interesting quantity is the neutron brightness of the source.
This is just the line integral of the emissivity over the
penetration depth. The brightness reaches a saturation
value of about 1.4⋅1012 n/m2s 2-3 minutes after the beam is
switched on.
The contribution due the anisotropy of the fusion reaction
cross section is to peak the neutron emission along the
deuteron beam direction and was evaluated analytically. It
results in a shift of the neutron field at the detection
surface of about 10 mm compared to the ideal case of
isotropic neutron emission described before, and can be
neglected in the simulations. Other neutron transport
effects were investigated using the MCNPX code [8]. The
beam dump model used for the simulation is made of two
CuCrZn alloy layers and a layer of water in between; the
layer thicknesses were chosen in order to reproduce the
mass ratio of the cooling water and the copper alloy. About
10% of all neutrons with energy En>2MeV arriving at the
nGEM detection surface do so after scattering at least once
in the beam dump. Since the direction of scattered
neutrons tends to be isotropic they are to a large extent
rejected as a result of the directional response of the
nGEM cathode. We conclude that neutron transport effects
are not expected to perturb the measurement in a
significant way.

The energy spectrum deposited in the nGEM gas was also
investigated with a MCNP model of the detector. A
monoenergetic (En=2.7 MeV), monodirectional point
neutron source was placed at a distance d=30 mm from the
cathode. The cathode was modelled as a slab composed of
a 25 µm thick polyethylene film (CH2), a t 50 µm thick Al
foil and a 3 mm GEM gas mixture of Argon (70%) and
CO2 (30%). The resulting energy deposition spectrum is
shown in Figure 3 for different neutron incidence angles
θn. The overall signal intensity drops to almost zero for
θn>45° confirming the directional response of the nGEM
cathode to neutrons.

Figure 3: Simulated distribution of proton energy deposited inside the
nGEM gas for different neutron incident angles θn. The thickness of the
Al foil was t=51 µm. The intensity is per unit neutron source. The bin
width is 10keV.

The energy spectrum rises sharply above Ed=90 keV and
drops above Ed=240 keV. The detailed shape of the
distribution within this energy range can be understood by
noting that i) the energy loss in the Al foil is a decreasing
function of the proton energy and ii) the range of the most
energetic protons exceeds the GEM gas thickness. The
result is that higher energy protons deposit less energy in
the gas, whereas the maximum deposited energy is
achieved by lower energy protons that have a range
matching the GEM gas thickness. We can therefore
interpret the spectral shape as due to two main
components. On the low energy side is a peak due to
energetic protons. This component is dominant for lower
neutron incidence angles. The second component due to
lower energy protons peaks on the high energy side of the
distribution. It is dominant for larger incident angles.
The spatial resolution of the measurement is mainly
limited by the width (FWHM) of the spatial distribution of
recorded events on the nGEM cathode in response to a
point neutron source on the beam dump surface. We
consider here the width along the X-axis (see Figure 2). A
limit case is one of unperturbed propagation of the
neutrons from the point source. In this case the intensity at
the cathode would have a 1/(x2+d2) dependence and the
FWHM value of about 60 mm would exceed the beamlet
dimension (40 mm). The effect of the directional detector
response due to the Al foil is to decrease the FWHM value

to about 30 mm. This level of spatial resolution is adequate
for unfolding the neutron source intensity from the 2D
event map in the nGEM detector.
The CNESM diagnostic is intended for measurement of
the neutron emission map. The extent to which the neutron
emission map is representative of the deuteron beam
intensity distribution on the SPIDER beam dump depends
on the deuteron concentration in the dump.
IV. CONCLUSIONS
The proposed CNESM detection system was shown to
meet the goal of providing the map of the neutron emission
on the beam dump surface. This is achieved by using
nGEM detectors equipped with a cathode designed for
detection of neutrons of energy En > 2.2 MeV with an
incidence angle θn< 45°. CNESM was designed on the
basis of simulations of the different steps from the
deuteron beam interaction with the beam dump to the
neutron detection in the nGEM. We conclude that a
CNESM diagnostic based on nGEM detectors will provide
beam images with a spatial resolution matching the
beamlet footprints and a time resolution < 1 s.
CNESM is a first step towards the application of this
diagnostic technique to the MITICA beam test facility,
where it will be used to resolve the horizontal profile of the
beam intensity. The main difference between SPIDER and
MITICA is the x100 larger neutron fluxes expected. This
requires a reassessment including further tests of the
radiation hardness of the signal readout electronics. The
beam energy of 1 MeV and the grazing incidence of the
beam with a tilt angle of the beam dump of about 6° are
further differences that will require a careful optimization
of the detection method.
This work was set up in collaboration and financial support
of F4E.
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A BSTRACT: The ITER neutral beam test facility under construction in Padova will host two experimental devices: SPIDER, a 100 kV negative H/D RF source, and MITICA, a full scale, 1
MeV deuterium beam injector. Detection of fusion neutrons will be used as a means to resolve
the horizontal beam intensity profile. The neutron detection system will be placed right behind the
SPIDER beam dump, as close to the neutron emitting surface as possible thus providing the map of
the neutron emission on the beam dump surface. The system uses nGEM neutron detectors. These
are Gas Electron Multiplier detectors equipped with a cathode that also serves as neutron-proton
converter foil. The cathode is designed to ensure that most of the detected neutrons at a point of
the nGEM surface are emitted from the corresponding 40x22 mm2 beamlet footprint on the dump
front surface. The nGEM readout pads (area 20x22 mm2 ) will record a useful count rate of 5 kHz
providing a time resolution of temporal structures in the neutron fluency rate to be measured of
better than 1 s. The directional response of the nGEM to neutrons is a key to reducing the scattering contribution to the measured neutron flux. First results achieved using small size nGEM
prototypes shows that these detectors own the directionality property and that experimental results
are in agreement with MCNP simulation. In addition they have a neutron efficiency detection of
about 2 · 10−5 and their response scales linearly following the intensity of the neutron flux.
K EYWORDS : ITER-NBI, neutrons, GEM detectors.
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1. Introduction
SPIDER [1],[2] is a beam test facility to be hosted at the Consorzio RFX site in Padua, Italy. It
represents the first step towards the full scale demonstration of the feasibility of the deuterium beam
injectors for the ITER fusion experiment [3].
The main goal of this prototype is to prove the capability to generate a one hour long D− beam
pulse at the current level required by ITER but with a reduced beam energy (up to 100 keV). The
100 keV deuterons will be dumped against a target (the beam dump) tilted by 30° relatively to the
beam axis (Fig. 1). The beam dump is a rectangular panel made of CuCrZr-alloy water-cooled
hypervapotrons with an elemental composition of about 99% Cu.
The SPIDER D− beam is composed of beamlets in a matrix arrangement. Their dimensions
at the dump surface are 40x22 mm2 . The total beam current of 40 A is spread out over a surface of
≈ 1 m2 for a reference average current density of 40 A/m2 and deuterium flux of 2.5 x 1020 D/m2 s.
The neutron production due to fusion reactions between beam deuterons and deuterons implanted in the dump will be a few times 1015 neutrons per SPIDER pulse. The neutron source
intensity is suitable for diagnostic applications.
In this paper a neutron diagnostic designed to provide the map of the beam intensity with a
spatial resolution approaching the size of individual beamlets is described. The system uses nGEM
neutron detectors. These are Gas Electron Multiplier detectors equipped with a cathode that also
serves as neutron-proton converter foil. The cathode is designed to ensure that most of the detected
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Figure 1. Schematics of the SPIDER beam dump. The beam dump is tilted by 30 degrees relative to the
beam axis. The CNESM detectors (black) are placed right behind the beam dump.

neutrons at a point of the nGEM surface are emitted from the corresponding 40x22 mm2 beamlet
footprint on the dump front surface. Results achieved using small size nGEM prototypes in terms
of measurements of directionality capability, neutron detection efficiency and response to different
neutron fluxes are reported in this paper.

2. CNESM Principle
The proposed detection system is called Close-contact Neutron Emission Surface Mapping (CNESM).
It is placed right behind the beam dump (see Fig. 1), as close as possible to the neutron emitting
surface. A small distance (about 30 mm) between the diagnostic system and the beam dump is crucial in order to provide the map of neutron emission on the beam dump surface with good spatial
resolution.
The detectors to be used in this diagnostic system are nGEM detectors [4]. These are Gas
Electron Multiplier (GEM) detectors [5] equipped with a solid-state, fast neutron converter cathode,
similarly to what is done for detection of 14 MeV neutrons from fusion plasmas [6]. The goal of
each nGEM detector is to map the neutron emission from a group of 5x16 beamlets: populating
the total beam dump surface would require a total of 16 nGEM detector units (area 35.2 x 20 cm2 ).
Since the GEM detectors operate at room pressure, they are placed inside a steel containment box
connected to the outside of the SPIDER vacuum vessel by one pipe containing the electrical cables
and the gas pipes feeding the gas mixture into the nGEM chambers.
A triple-GEM detector arrangement [7] will be used in CNESM. The readout pads will be
arranged so as to have two pads (area 20x22 mm2 ) per beamlet footprint, for a total of 160 readout
channels. Cost-effective readout electronics is available and can indeed manage hundreds of readout channels. The front-end chips that will be used to readout all the pads are the CARIOCA-GEM
digital chips [8].
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2.1 nGEM Detector: Principle of Operation
The principle of operation of the nGEM detector is shown in Fig 2. The cathode of a nGEM
detector is composed by two layers: one polyethylene (CH2 ) film and one Aluminum layer. The
raw material of the cathode is constituted by an aluminum polyethylene sheet nominally 100 µ m
thick. Precise measurements only of the aluminum layer thickness found a mean thickness of 39
± 2 µ m: as a consequence the average CH2 thickness is around 61 µ m Incoming neutrons have
an energy En between 2.45 and 2.85 MeV, depending on the emission angle and are converted into
protons by elastic recoil in the thin polythene (CH2 ) film. Protons leaving the CH2 film with enough
energy can cross the Al foil and reach the gas, thus ionizing it. The drift gas effective thickness (3
mm wide) is narrower than the proton range: only a fraction of the proton energy is deposited in the
gas and detected. Primary electrons freed by interacting protons are then drifted to the GEM foils
where they are multiplied [9]. The signal (around 50-100 ns duration) generated by the movement
of primary and secondary electrons is induced on a padded anode that is connected to the front end
electronics.

Figure 2. Illustration of how the Al cathode thickness can be used to suppress detection of neutrons with
oblique incidence. Neutrons are converted into protons in the polyethylene foil (black). Only one of the
four protons in the figure crosses the Al foil (grey) and ionizes the gas, thus liberating primary electrons and
generating a detectable signal.

Since the planar neutron source to be mapped is at some distance from the detection surface,
better spatial resolution is achieved if the trajectory of the detected neutrons is not too far from being
perpendicular to the cathode surface. Figure 2 illustrates how this is achieved by suitable choice
of the Al foil thickness: the 40 µ m thick Al foil stops all protons with a recoil angle θ p > 45°
and/or with a recoil energy E p <2.1 MeV (E p =En cos2 θ p ). This directional response of the nGEM
cathode to neutrons is beneficial also for rejecting neutrons reaching the cathode after scattering
off the beam dump structure.

3. CNEMS Model Simulation
CNESM was designed on the basis of simulations of the different steps, from the deuteron beam
interaction with the beam dump to the neutron detection in the nGEM. Deuterium beam interaction was simulated using the TRansport of Ion in Matter (TRIM) code [10]: trajectories of 106
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Figure 3. TRIM calculation of deuteron energy (top), deuterium implantation profile (middle) and neutron
emissivity at different times (bottom) as a function of penetration depth.

deuterium ions with an initial energy E0 =100 keV and incidence angle equal to 60 °relative to the
normal to the CuZrZr-alloy beam dump have been simulated.
At least 95% of the deuterons penetrate (by up to 0.8 µ m) in the beam dump and will contribute
to the neutron emission. The TRIM result was used to determine average deuterium energy and
deuteron deposition rate as function of penetration depth (see Fig. 3). The latter was used to
calculate the (time dependent) deuterium concentration using a so-called Local Mixing Model [11]
whereby deuteron migration in the copper alloy is neglected and a local saturation value of 20%
[12] is assumed for the deuteron concentration.
Neutron emissivity as function of penetration depth (see Fig. 3 bottom) was then calculated
as y=Φσ nD , where Φ is the deuterium flux, σ is the energy-dependent D(d,n)3 He fusion cross
section and nD represents the implanted deuterium density. A more interesting quantity is the
neutron brightness of the source, that is the line integral of the emissivity over the penetration
depth. The brightness reaches a saturation value of about 1.4 · 1012 n/(m2 s) 2-3 minutes after
switching on the beam.
The effect of the anisotropy of the fusion reaction cross section is to peak the neutron emission
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along the deuteron beam direction: it results in a shift of the neutron field at the detection surface
of about 10 mm compared to the ideal case of isotropic neutron emission described before, and can
be taken into account in the simulations.
Neutron transport effects in the beam dump were investigated using the MCNPX code [13].
The beam dump model used for the simulation is made of two CuCrZn alloy layers and a layer
of water in between; the layer thicknesses were chosen in order to reproduce the mass ratio of the
cooling water and the copper alloy. About 10% of all neutrons with energy En > 2MeV arriving
at the nGEM detection surface do so after scattering at least once in the beam dump. Since the
direction of scattered neutrons tends to be isotropic they are to a large extent rejected as a result of
the directional response of the nGEM cathode. We conclude that neutron transport effects are not
expected to perturb the measurement in a significant way.

3.1 nGEM response simulation
The energy spectrum deposited (Edep ) in the nGEM gas was also investigated with a MCNP model
of the detector. A monoenergetic (En =2.7 MeV), monodirectional point neutron source was placed
at a distance d=30 mm from the cathode. The cathode was modeled as a slab composed by a 60 µ m
thick polyethylene film (CH2 ), a t ≈ 40 µ m thick Al foil and a 3 mm GEM gas mixture of Argon
(45%), CO2 (15%), CF4 (40%). The resulting energy deposition spectrum is shown in Figure 4 for
different neutron incidence angles θn . The overall signal intensity drops to almost zero for θn >
45° confirming the directional response of the nGEM cathode to neutrons.

Figure 4. Simulated distribution of the energy deposited by protons inside the nGEM gas for different
neutron incident angles θn . The thickness of the Al foil was t=38 µ m. The intensity is per unit neutron
source. The bin width is 10 keV.
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The energy spectrum rises sharply above Edep =90 keV and drops above Edep =240 keV. The
detailed shape of the distribution within this energy range can be explained considering that the
energy loss in the Al foil is a decreasing function of the proton energy and that the range of the most
energetic protons exceeds the GEM gas thickness. The result is that higher energy protons deposit
less energy in the gas, whereas the maximum deposited energy is achieved by lower energy protons
that have a range matching the GEM gas thickness. We can therefore interpret the spectral shape
as due to two main components: on the low energy side there is a peak due to energetic protons
(dominant for lower neutron incidence angles) while on the high energy tail of the distributions
there is the second component due to lower energy protons (dominant for larger incident angles).
The spatial resolution of the measurement is mainly limited by the width (FWHM) of the
spatial distribution of recorded events on the nGEM cathode in response to a point neutron source
on the beam dump surface. We consider here the width along the X-axis (see Figure 2). A limit case
is one of unperturbed propagation of the neutrons from the point source. In this case the intensity
at the cathode would have a 1/(x2 +d2 ) dependence and the FWHM value of about 60 mm would
exceed the beamlet dimension (40 mm). The effect of the directional detector response due to the
Al foil is to decrease the FWHM value to about 30 mm. This level of spatial resolution is adequate
for unfolding the neutron source intensity from the 2D event map in the nGEM detector.

4. nGEM Prototypes test
Two small area (10x10 cm2 ) nGEM prototypes have been realized and tested using 2.5 MeV neutrons at the FNG (Frascati Neutron Generator) [14] located in Frascati in Italy (see Fig. 5 and
Fig. 6). These are triple GEM detectors equipped with the CH2 (61 µ m) + Al (39 µ m) converter
cathode. The gaps geometry of these detectors is the same as the one used in Triple GEM LHCb
detectors [15] currently installed into LHC at CERN (Drift / Transfer 1/ Transfer 2/ Induction =
3 mm /1 mm /2 mm /1 mm). Both detectors were operated using a gas mixture of Ar/CO2 /CF4
45%/15%/40%. The high voltage configuration was generated using the HVGEM [16] NIM module and the potentials were applied to each electrode by means of passive resistive-capacitive filters
properly designed for a Triple GEM detector.
The first prototype (hereby called “analog” prototype) has 128 readout pads but just one of
these pads is read out using a standard pre-amplifier (Ortec 142 IH), amplifier (Ortec 474), MCA
(Ortec Maestro32) chain in order to get pulse height spectra as outputs.
The second one (hereby called “digital” prototype) has all the 128 pads readout by 16 CARIOCA chips and is able to measure the counting rate of the detector. All the CARIOCAs are then
connected to a custom made FPGA Mother Board [17] that analyzes the LVDS signal coming from
the chips. The digital prototype is a complete small version of the full size area nGEM for SPIDER.
4.1 Directionality capability measurements
Since pulse height spectra are needed to measure nGEM directionality properties, the analog detector was employed in this exercise. In order to be able to detect neutrons and to be insensitive
to photons, the following electrical configuration was applied to the device: Ed (Drift Field) = ET 1
(Transfer 1 Field) = ET 2 (Transfer 2 Field) = 3 kV/cm, EInd (Induction Field) = 5 kV/cm and VGEM
= Σ∆VGEM = 970 V. This configuration corresponds to an effective gain that is about 96.
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Figure 5. Analog nGEM protoype installed in
the FNG bunker close to the neutron gun.

Figure 6. Digital nGEM protoype installed in
the FNG bunker close to the neutron gun.

Directionality capability of this small size detector prototype was measured using a 108 n/(cm2 ·s)
flux of 2.5 MeV neutrons. The neutron flux is continuously monitored by a NE213 scintillator. The
chamber was precisely aligned with the center of the target of the neutron generator and several
PH spectra were acquired in order to measure the neutron flux stability (around 5%). The detector
was successively tilted (θGEM ) by 10, 20, 30, 45, 60 and 90° with respect to the axis of the neutron
generator and a pulse height spectrum was acquired for each tilt angle. Each pulse height spectrum
was normalized considering the total number of neutrons generated by the neutron gun measured
by the NE213 scintillator. Fig 7 shows the results.
The rising edge on the left is due to the low level discriminator threshold applied in order to
filter the electronic noise. Up to a value of 30°, no significant change in the pulse height shape and
area is detectable. On the other hand for values of θGEM > 45°, the counting rate drops suddenly
and falls to almost zero for θGEM = 90°. When the chamber is tilted by an angle θGEM = 90°,
the converter cathode is parallel to the neutron beam except for the effect of beam divergence and
small alignment errors: as a consequence almost no interaction between neutron and polyethylene
layer is expected and the corresponding measurement can be interpreted as a measurement of the
background.
Figure 8 shows the comparison for θGEM = 0° between the MCNPX simulated PH spectra for
three different aluminum thicknesses (33, 38 and 43 µ m) and the measured one.
The difference in the rising edge could be explained by the fact that the experimental data
are cut by the discriminator threshold: as a consequence the comparison should be limited to the
energy range on the right hand side of the dashed line. In this range all simulations provide a good
match to the measured PH spectrum.
In order to measure the directionality capability, PH spectra have been integrated over the
threshold represented by a dashed line in Fig 8 corresponding to the experimental data peak. Figure 9 shows the normalized integrated counts under the PH spectra for the experimental and the
simulated data.
The measured counts corresponding to θGEM = 90° have been subtracted from all the other PH
spectra. Both experimental and simulated data have been normalized by dividing each point by the
corresponding integrated PH area at θGEM = 0°.
Both experimental counts and simulated data for tAl = 38 µ m are reduced to about 80% of

–7–

Figure 7. Measured PH spectra at different tilt angles with respect to the neutron generator axis. The bin
width is 10 keV. The value of the threshold used to perform PH spectra integration is shown as a dashed line.
VGEM = 970 V; Ed (Drift Field) = ET 1 (Transfer 1 Field)= ET 2 (Tranfer 2 Field) = 3 kV/cm, EInd (Induction
Field) = 5 kV/cm; Gas Mixture Ar/CO2 /CF4 45%/15%/40%. 1 Pad 12x6 mm2 area

the initial value for θGEM = 45 °while, in the case of tAl = 43 µ m and tAl = 33 µ m, 80% of the
initial value is reached respectively for an angle of about 30 and 50 degrees: the tAl = 38 µ m
simulations is able to reproduce the experimental data. This result confirms the measurement of
the bare aluminum layer that reported a value of 39 ± 2 µ m.
4.2 nGEM Neutron efficiency measurement
The nGEM neutron detection efficiency was measured using the digital prototype since a precise
measurement of the nGEM counting rate is necessary. Fig. 10 shows the result of this measurement.
In the plot, two trends can be clearly distinguished: the first one (VGEM < 1010 V) is due
only to neutron detection while the second one (VGEM > 1010 V) is due also to photon detection.
This result is consistent with what was measured in [18]: in order to be completely insensitive to
gamma rays VGEM should be kept around 970 V. At this VGEM value a neutron detection efficiency
of about 2 · 10−5 was measured.
4.3 Neutron intensity scan measurement
The digital prototype was also employed in the measurement of the nGEM response to different
neutron flux intensities as measured by NE213 scintillator. Fig 11 shows the measured nGEM
counting rate as a function of the neutron flux on the detector.
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Figure 8. Comparison between the θ = 0° spectrum of Fig. 7 and MCNP simulated energy deposition
spectra for three different aluminum thicknesses and CH2 thickness = 60 µ m). The bin width is 10 keV. The
value of the threshold used to perform PH spectra integration is shown as a dashed line.

Figure 9. Normalized integrated PH area over threshold shown in Fig. 8 as a function of the tilt angle:
comparison between measurements and three MCNP simulations at three different aluminum thicknesses.

–9–

Figure 10. Neutron detection efficiency as a function of VGEM ; Ed = ET 1 = ET 2 = 3 kV/cm, EInd = 5 kV/cm;
Gas Mixture Ar/CO2 /CF4 45%/15%/40%.

Figure 11. nGEM response as a function of the intensity of neutron flux on the detector; VGEM = 1020 V;
Ed = ET 1 = ET 2 = 3 kV/cm, EInd = 5 kV/cm; Gas Mixture Ar/CO2 /CF4 45%/15%/40%.
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The efficiency measured using the slope of the fitted line is about 2· 10−5 . The nGEM counting
rate scales linearly with the intensity of the neutron beam. This is an essential feature in order to
use a nGEM detector as a fast neutron beam monitor in the CNESM diagnostic system.

5. Conclusions
The proposed CNESM detection system was designed in order to meet the goal of providing the
map of the neutron emission on the beam dump surface of the SPIDER facility. This is achieved
by using nGEM detectors equipped with a cathode designed for detection of neutrons of energy
En >2.1 MeV with an incidence angle θ < 45°. CNESM was designed on the basis of simulations
of the different steps from the deuteron beam interaction with the beam dump to the neutron detection in the nGEM and it will provide beam images with a spatial resolution matching the SPIDER
beamlet footprints and a time resolution < 1 s.
First results achieved using small size prototypes show that these detectors possess the required
directionality property and that experimental results are in agreement with MCNP simulations. In
addition they have a neutron efficiency detection of about 2 · 10−5 , their response scales linearly
with the intensity of the neutron flux and, by proper setting of the effective gain, they are insensitive
to gamma rays.
CNESM is a first step towards the application of this diagnostic technique to the MITICA
beam test facility, where it will be used to resolve the horizontal profile of the beam intensity.
The main difference between SPIDER and MITICA is the x100 larger neutron fluxes expected.
This requires a reassessment including further tests of the radiation hardness of the signal readout
electronics. The beam energy of 1 MeV and the grazing incidence of the beam with a tilt angle
of the beam dump of about 6°are further differences that will require a careful optimization of the
nGEM detectors features.
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